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perfect  axial  registry  of  molecular  chains,  suffered  from  the  occurrence  of 
short  intermolecular  contacts  and  were  rejected  from  further  consideration. 

In  another  phase  of  the  research  on  polyparaphenylene  oligomers, 
variable  temperature  crystal  data  for  the  unsubstituted  p-quinquephenyl 
(PQP),  p-sexiphe~yl  (PSP),  p-septiphenyl  (PSeptiP),  as  well  as  the 
substituted  2  , 4  -d;.phenyl-p-quinquephenyl  (DPQP),  2*  ,6  -diphenyl-p-septi- 
phenyl  (DPSP),  and  1 , 2, 4-triphenylbenzene  (TPB)  oligomers  are  reported. 

The  unsubstituted  oligomers  exhibit  a  solid  state  transition  when  cooled 
from  room  temperature  to  110K,  as  indicated  by  a  change  in  crystallographic 
space  group.  No  transition  is  observed  for  the  substituted  oligomers  other 
than  the  usual  contraction  of  the  unit  cell.  The  transition  observed  for 
the  unsubstituted  oligomers  is  interpreted  in  terms  of  a  conformational 
change  from  an  "average"  planar  structure  to  a  static  non-planar  one. 
Comparisons  of  the  room  and  low  temperature  crystal  data  are  presented. 

The  crystal  structure  analysis  of  the  molten  salt  precursor, 

1- methyl-3-ethylimidazolium  chloride  (MEIC1),  was  completed  as  part  of  an 
investigation  of  the  ion-ion  interactions  in  room  temperature  melts,  where 
mole  fraction  N  of  A1C13  is  less  than  0.5.  Hygroscopic  crystals  of  MEIC1 
were  grown  in  acetonitrile  and  sealed  under  helium  gas  in  a  capillary  tube. 
The  MEI+  ions  cluster  in  four  distinct  layers  perpendicular  to  the  c-axis. 
Similarly,  the  arrangement  of  Cl  ions  is  a  layered  one.  Each  Cl”  ion 
interacts  with  three  MEI+  ions  and  each  MEI+  ion  is  associated  with  three 
nearest  Clions.  Cl  ions  are  situated  in  reasonable  hydrogen-bonded 
positions  rather  than  at  random,  suggesting  this  interaction  to  be  a 

weak  hydrogen  bond.  Evidence  for  hydrogen  bonding  of  Cl  ions  at  the  three 
ring  C-H  bonds  in  basic  MEICL/A1C1,  melts  is  presented. 

In  the  area  of  research  on  electro-active  materials,  the  effect  of 
alkyl  substitution  on  the  amino  group  and  the  placement  of  bulky  groups  on 
the  aromatic  ring  in  nitroaniline  derivatives  have  been  investigated 
through  a  determination  of  the  crystal  structures  of  2-[2-(N,N-dimethyl- 
amino)-5-nitrophenyl]benzothiazole,  2-[ 2-(N-methylamino)-5-nitrophenyl] 
benzothiazole,  2-[ 2-(N,N-diethylamino)-5-nitropKenyl]benzothiazole,  and 

2- (trimethylsilylethynyl)-4-nitro-N,N-dimethylaniline.  In  all  four 
compounds,  the  alkyl  groups  attached  to  the  amino  nitrogen  atom  prevent  the 
formation  of  intermolecular  (N)-H...O  hydrogen  bonds  between  amino  and 
nitro  groups.  Instead,  the  molecules  exhibit  (C)-H...O  intermolecular 
interactions  between  the  nitro  group  and  hydrogen  atoms  of  the  aromatic 
ring  and  alkyl  groups.  Two  distinct  types  of  packing,  herringbone  patterns 
and  planar  stacks,  are  observed  with  the  closest  interactions  associated 
with  the  planar  stacking  of  molecules. 

In  the  area  of  computational  chemistry,  semiempirical  AMI  calculations 
have  been  performed  for  the  second  hyperpolarizabilities,  ,  of  poly-p- 
phenylene  and  polythiophene  oligomers.  Calculated  values  are  compared  with 
experimental  degenerate  four  wave  mixing  results  and  static  field  estimates 
from  these  experimental  results.  The  relative  calculated  values  agree  well 
with  experimental  values  when  the  latter  are  corrected  for  dispersion 
effects.  Another  area  is  the  study  of  the  electronic  structure  and 
statistical  properties  of  quasi-particles  in  polymeric  materials. 

Solitons,  antisolitons,  polarons,  and  bipolarons  are  known  to  play  a  role 
in  the  conduction  of  electric  current  in  these  polymeric  materials. 

Pristine  and  doped  polyacetylenes  have  been  used  initially  to  study  the 
geometrical  and  electronic  distortions  in  oligomers  and  infinite  polymers. 
The  computational  approach  has  been  based  on  the  semiempirical 
self-consistent  LCAO-MO  theory  at  the  AMI  level  of  approximation  for  finite 
systems  and  the  corresponding  LCAO-CO  theory  in  the  tight  binding 
approximation  for  infinite  systems. 


00  Form  1473.  JUN  K 


Previous  editions  ere  obsolete. 


SECURITY  C'-ASSIEICATION  or  this  page 


X-RAY  DIFFRACTION  STUDIES  OF  THE  STRUCTURE  OF 


ORDERED  POLYMERS  AND  RELATED  ELECTRO-ACTIVE  MATERIALS 


Albert  V.  Fratini 
Department  of  Chemistry 
University  of  Dayton 
Dayton,  Ohio  45469 


Final  Technical  Report,  November  1,  1987  -  October  31,  1990 


Grant  AFOSR-88-0044 


Air  Force  Office  of  Scientific  Research 


December,  1990 


Approved  for  public  release 
distribution  unlimited. 


I.  SUMMARY 


The  structures  of  poly(p-phenylenebenzobisthiazole)  (PBZT) 
and  poly(p-phenylenebenzobisoxazole)  (PBO)  fibers  have  been 
determined  by  fiber  diffraction  techniques  (see  Reprint  4  for 
details).  D-spacings  were  obtained  from  equatorial  and 
meridional  scans  recorded  on  a  four-circle  diffractometer. 
Intensity  data  were  derived  from  x-ray  rotation  patterns  taken 
on  Weissenberg  and  vacuum  cylindrical  cameras.  Unit  cells  were 
found  to  be  monoclinic  and  non-primitive ,  each  containing  two 
chains  per  cell.  The  conformational  torsion  angle  between  the 
bisthiazole  and  phenylene  units  and  the  orientation  of  chains 
within  the  unit  cells  were  obtained  from  a  'linked-atom 
least-squares'  (LALS)  refinement  procedure.  A  packing  model 
has  been  proposed  for  each  fiber  in  which  two  independent 
molecular  chains  are  displaced  longitudinally  by  discrete  rather 
than  random  increments.  Primitive  unit  cells  (Z  =  1),  besides 
requiring  perfect  axial  registry  of  molecular  chains,  suffered 
from  the  occurrence  of  short  intermolecular  contacts  and  were 
rejected  from  further  consideration. 


In  another  phase  of  the  research  on  ^ 
polyparaphenylene  oligomers,  variable  temperature  crystal 
data  for  the  unsubstituted  p-quinquephenyl  (PQP),  p-sexiphenyl 
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oligomers  exhibit  a  solid  state  transition  when  cooled  from  room 
temperature  to  110K,  as  indicated  by  a  change  in 
crystallographic  space  group.  No  transition  is  observed  for  the 
substituted  oligomers  other  than  the  usual  contraction  of  the 
unit  cell.  The  transition  observed  for  the  unsubstituted 
oligomers  is  interpreted  in  terms  of  a  conformational  change 
from  an  "average"  planar  structure  to  a  static  non-planar  one. 
Comparisons  of  the  room  and  low  temperature  crystal  data  are 
presented. 

In  collaboration  with  a  group  at  the  Frank  J.  Seiler 
Research  Laboratory,  United  States  Air  Force  Academy,  the 
crystal  structure  analysis  of  the  molten  salt  precursor, 
1 -methyl -3 -ethyl imidazolium  chloride  (MEIC1),  was 
completed  as  part  of  an  investigation  of  the  ion-ion 
interactions  in  room  temperature  melts,  where  mole  fraction  N  of 
A1C13  is  less  than  0.5  (see  Reprint  3  for  details).  Hygroscopic 
crystals  of  MEIC1  were  grown  in  acetonitrile  and  sealed  under 
helium  gas  in  a  capillary  tube.  The  asymmetric  unit  contains 
four  MEI+...C1  ion  pairs.  The  MEI+  ions  cluster  in  four 
distinct  layers  perpendicular  to  the  g-axis.  Similarly,  the 
arrangement  of  Cl  ions  is  a  layered  one.  Each  Cl  ion 
interacts  with  three  MEI+  ions  and  each  MEI+  ion  is  associated 
with  three  nearest  Cl”  ions.  The  distance  of  a  Cl  ion  from 
a  ring  carbon  atom  averages  3.55  A.  Cl”  ions  are  situated  in 
reasonable  hydrogen-bonded  positions  rather  than  at  random, 
suggesting  this  interaction  to  be  a  weak  hydrogen  bond. 
Evidence  for  hydrogen  bonding  of  Cl”  ions  at  the  three  ring  C-H 
bonds  in  basic  MEICL/A1C13  melts  is  presented. 


In  the  area  of  research  on  electro-active  materials ,  the 
effect  of  alkyl  substitution  on  the  amino  group  and  the 
placement  of  bulky  groups  on  the  aromatic  ring  in  nitroaniline 
derivatives  have  been  investigated  through  a  determination  of 
the  crystal  structures  of 
2- [ 2- (N,N-dimethylamino) -5-nitrophenyl ]benzothiazole, 

2-[ 2-(N-methylamino)-5-nitrophenyl ]benzothiazole, 

2-[ 2- (N,N-diethylamino) -5-nitrophenyl ]benzothiazole,  and 
2- ( trimethylsilylethynyl ) -4-nitro-N,N-dimethylaniline  (see 
Preprint  2  for  details).  In  all  four  compounds,  the  alkyl 
groups  attached  to  the  amino  nitrogen  atom  prevent  the  formation 
of  intermolecular  (N)-H...O  hydrogen  bonds  between  amino  and 
nitro  groups.  Instead,  the  molecules  exhibit  (C)-H...O 
intermolecular  interactions  between  the  nitro  group  and  hydrogen 
atoms  of  the  aromatic  ring  and  alkyl  groups.  Two  distinct  types 
of  packing,  herringbone  patterns  and  planar  stacks,  are  observed 
with  the  closest  interactions  associated  with  the  planar 
stacking  of  molicules.  The  dialkylamino  substituents  extend 
above  and  below  the  molecular  plane,  which  is  comprised  of 
essentially  coplanar  ring  systems. 

In  the  area  of  computational  chemistry,  semiempirical  AMI 
calculations  have  been  performed  for  the  second 
hyperpolarizabilities, Y ,  of  poly-p-phenylene  and  polythiophene 
oligomers  (see  Preprint  3  for  details).  Calculated  values  are 
compared  with  experimental  degenerate  four  wave  mixing  results 
and  static  field  estimates  from  these  experimental  results.  The 
relative  calculated  values  agree  well  with  experimental  values 
when  the  latter  are  corrected  for  dispersion  effects. 


Another  area  of  the  computational  chemistry  effort  is  the 
study  of  the  electronic  structure  and  statistical  properties  of 
quasi-particles  in  polymeric  materials.  Solitons,  antisolitons, 
polarons,  and  bipolarons,  in  one  way  or  another,  are  known  to 
play  a  role  in  the  conduction  of  electric  current  in 
these  polymeric  materials.  Pristine  and  doped  polyacetylenes 
have  been  used  initially  to  study  the  geometrical  and 
electronic  distortions  associated  with  quasi-particles  in 
oligomers  and  infinite  polymers.  The  computational  approach 
has  been  based  on  the  semiempirical  self-consistent  LCAO-MO 
theory  at  the  AMI  level  of  approximation  for  finite  systems  and 
the  corresponding  LCAO-CO  theory  in  the  tight  binding 
approximation  for  infinite  systems  (see  Preprint  4  for  details). 


II.  RESEARCH  OBJECTIVES 


The  structures  of  poly(p-phenylene  benzobisthiazole)  (PBZT) 
and  poly(p-phenylene  benzobisoxazole)  (PBO)  have  been  of 
interest  for  the  past  decade.  Numerous  publications  have 
advanced  the  understanding  of  the  fiber  and  film  structures  of 
these  rigid  rod  chains  [1-3].  Our  approach  has  been  to  apply 
the  linked-atom  least-squares  (LALS)  method  to  PBZT  and  PBO 
fibers  exhibiting  the  highest  order  observed  to  date.  The 
results,  representing  the  equilibrium  crystal  structure,  serve 
as  a  vehicle  by  which  one  can  measure  progress  in  reaching  a 
fully  ordered  structure  by  processing  improvements.  The  goal  is 
to  understand  changes  in  structure  and  morphology  imparted  by 
chemical  or  physical  means  (in  fiber  processing,  for  example), 
and  to  relate  these  changes  to  the  properties  observed  for  these 
rigid-rod  materials. 

The  study  of  oligomers  of  poly-p-phenylene  (PPP)  is 
part  of  the  continuing  research  on  the  structure  and  morphology 
of  rigid-rod  polymers.  Aerospace  applications  of  these 
materials  require  a  broad  range  of  operating  temperatures  and 
conditions.  Basic  morphological  information  is  needed  about 
factors  such  as  the  relative  orientation  of  phenyl  rings, 
crystal  packing  forces,  and  the  nature  of  the  structural 
transitions  observed  at  low  temperatures  in  crystalline 
samples.  Tedious  synthetic  procedures  coupled  with  a  high 
melting  point  and  low  solubility  have  made  PPP  a  difficult 
polymer  to  prepare  and  fabricate.  Paraphenyls  of  specific  chain 
length  which  incorporate  pendant  groups  have  recently  been 


prepared  by  a  new  synthesis  procedure  utilizing  intermolecular 
cyclization  {4].  Single  crystals  of  sufficient  size  for 
structural  analysis  have  been  grown  by  sublimation  and 
recrystallization  techniques. 

Research  objectives  in  computational  chemistry  have  been 
concentrated  in  two  main  areas.  First,  ways  to  compare 
calculated  static  values  of  the  hyperpolarizability  with 
experimental  values,  measured  at  a  particular  frequency,  have 
been  investigated.  As  expected,  the  effect  of  the  radiation 
frequency  is  considerable,  even  for  resonant  frequencies.  Since 
comparisons  between  calculations  and  experiment  are  usually  made 
without  allowing  for  the  frequency  effect,  the  discrepancies 
come  out  to  be  larger  than  they  should  be.  This  was  the  case 
particularly  with  oligomers  of  p-phenylene  and  thiophene,  as 
had  been  previously  pointed  out  by  Goldfarb,  Reale  and  Medrano 
[5]. 

Secondly,  the  discovery  that  doped  polyacetylene  and  other 
polymers  can  have  electrical  conductivity  which  are  several 
orders  of  magnitude  larger  than  for  pristine  material  prompted  a 
world-wide  research  effort.  It  was  soon  realized  that 
quasi-particles  were  being  created  by  the  doping  process  (they 
can  also  be  photoregenerated),  and  that  it  was  necessary  to 
understand  the  associated  geometrical  and  electronic  structure, 
as  part  of  the  whole  picture.  A  study  of  the  electronic 
structure  of  quasi-particles  such  as  solitons  and  polarons  in 
infinite  polymers  was  initiated. 


III.  STATUS  OF  RESEARCH  EFFORTS 


Computational  Chemistry.  It  is  possible  to  estimate  the  effect 
of  dispersion  on  degenerate  four  wave  mixing  (DFWM)  experiments 
under  the  assumption  that  most  of  the  nonlinearity  of  a 
delocalized  pi-cloud  comes  from  the  lowest  excited  state  by  the 
formula, 

Y(o)  =  [(wQ2  -  w2)4/w08]  Y(w) 

This  gives  the  static  value  Y (o)  in  terms  of  the  frequency  w  at 
which  the  DFWM  experiment  was  performed  in  obtaining  /  (w) .  The 
experimental  results  for  the  above-mentioned  oligomers,  as  a 
function  of  the  number  of  repeat  units,  were  thus  corrected, 
leading  to  a  dramatic  improvement  in  the  agrrement  between 
calculated  and  measured  values.  A  paper  (see  Preprint  3) 
reporting  these  results  has  been  submitted  for  publication  in 
the  Journal  of  Chemical  Physics.  This  work  has  been  undertaken 
in  cooperation  with  H.  Kurtz  at  Memphis  State  University. 

For  the  study  of  quasi-particles  in  polymeric  materials, 
most  of  the  calculations  performed  to  date  have  used  the  Su, 
Schrieffer  and  Heeger  (SSH)  hamiltonian  [6],  The  SSH  approach 
however  is  still  too  crude  for  the  kind  of  accuracy  that  is 
needed  since  it  is  basically  a  Huckel-type  approximation  with 
sigma  bond  compressibility,  and  electron-electron  Coulomb 
interactions  are  completely  neglected.  On  the  other  hand. 


several  self-consistent  LCAO-MO  calculations  have  been  performed 
on  finite  oligomers  of  polyacetylene,  both  semiempirical  and  ab 
initio. 

It  was  felt  necessary  to  undertake  a  reliable  and 
comprehensive  study  of  quasi-particles,  mostly  in  infinite 
polymers,  since  these  are  a  better  approximation  to  real 
systems.  Additionally,  the  effect  of  the  dopant  cannot  be 
disregarded  and  should  be  included  in  the  calculation,  which 
should  be  performed  at  the  SCF-MO-LCAO  level  of  theory.  The 
repeat  units  used  for  the  polymer  calculation  have  to  be  quite 
large  in  order  to  prevent  the  concentration  of  quasi-particles 
to  become  unrealistically  high.  Even  at  the  semiempirical  AMI 
level  of  approximation,  these  calculations  are  extraordinarily 
demanding  of  cpu  time.  The  first  results  which  were  obtained 
have  already  been  accepted  for  publication  (see  Preprint  4)  [7], 

There  is  still  much  to  be  done,  especially  with  regard  to 
the  calculation  of  the  band  structure  of  materials  containing 
quasi-particles,  before  a  more  complete  picture  begins  to 
emerge.  It  is  felt  that  our  calculations  are  sufficiently 
sophisticated  and  reliable  for  systems  of  such  large  size  to 
contribute  to  the  understanding  of  the  electronic  structure  of 
organic  conductors. 
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ABSTRACT 

We  report  the  room  and  low  temperature  crystal  structures  of  the  unsubstituted  p- 
quinquephenyl  (PQP)  and  p-sexiphenyl  (PSP),  and  substituted  22,43-diphenyl-p- 
quinquephenyl  (DPQP),  22,6s-diphenyi-p-sepriphenyl  (DPSP),  and  1 ,2,4-tripbeny lbcnzene 
iTPB)  polyparaphenylene  oligomers,  the  unsubstituted  oligomers  exhibit  a  solid  state 
transition  when  cooled  from  room  temperature  to  1 10K.  «s  indicated  by  a  change  in 
crystallographic  space  group.  No  transraon  is  observed  for  the  substituted  oligomers  other 
than  the  usual  thermal  contraction  of  the  unit  cell.  The  transition  observed  for  the 
unsubstituted  oligomers  is  interpreted  in  terms  of  a  conformational  change  from  an 
"averaged'*  planar  structure  to  a  static  non-planar  one.  Comparisons  of  room  temperature 
and  low  temperature  crystal  data  are  presented . 


INTRODUCTION 


Oligomers  of  polyparaphenylene  (PPP)  have  been  of  interest  in  our  laboratory  as  pan  of 
continuing  research  on  the  structure  and  morphology  of  rigid-rod  polymers.  Aerospace 
applications  requiring  a  broad  range  of  operating  temperatures  and  conditions  require  that 
any  structural  transition  temperatures  must  be  known.  Much  basic  morphological 
information  is  still  needed  about  factors  such  as  the  orientation  of  one  coaxial  ring  to  another 
and  crystal  packing  forces  in  high  performance  polymers  of  this  type. 

Tedious  synthetic  procedures  coupled  with  a  high  melting  jxiiiu  and  low  solubility  have 
made  PPP  a  difficult  polymer  to  prepare  and  fabnaue(  1 ,2],  P-poiyphenyls  with  a  specific 
chain  length  and  incorporating  pendant  groups  have  been  recently  prepared  using  a  new 
synthesis  procedure  utilizing  twertnolecular  cycttzadonQ). 

We  have  obtained  high  purity  samples  of  PPP  oligomers  from  which  single  crystals  of 
sufficient  size  for  structure  analysis  were  sublimed  or  recrystallized.  In  a  continuing 
invesogahoa  of  the  molecular  structure,  crystal  packing,  and  structural  transformations  of 
PPP  oligomers,  we  have  studied  p-quinquephenyl  (PQP),  p-sexiphenyl  (PSP).  22,43- 
diphenyl-p-quinquephenyl  (DPQP),  22,63-diphenyl-p-septiphenyl  (DPSP).  and  1,2.4- 
triphenylbenzene  (TPB).  The  first  four  compounds  have  the  general  structure  (1) 


where  n  » 1  and  R  ■  H  for  PQP.  n  •  1  and  R  aff  for  DPQP,  n  ■  2  and  R  a  H  for  PSP.  and 
n  •  3  and  R  *  .0  for  DPSP.  TPB  was  included  in  this  present  study  since  its  room 
rempetarure  snucune  has  not  been  reported. 
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EXPERIMENTAL  METHODS 

Samples  of  PQP,  PSP.  DFQP,  DPSP.  and  1TB  were  obtained  tern  Brace  Reinhardt, 
Materials  Laboratory,  Wright  Patterson  Air  Force  Base.  PQP  and  PSP  samples  were 
fnhiimarf  to  obtain  good  quality  crystals;  otherwise,  the  samples  needed  no  additional 
naificatioo  Data  were  collected  oo  an  Enraf  Nonius  CAD4  diffi  actonteirx  intn  fared  to  a 
Digital  Equipment  Corporation  Micro  PDP-1 1  computer.  Data  refinement  and  structure 
determination  were  afyrrT'it****1  using  the  Structure  Determination  Package  (SDP)[4] 
software  on  a  Digital  Equipment  Corporation  VAX  1 1/730  computer.  The  final  R  vetoes 
and  die  fffnTtpfvwfinf  tt"*1  **  «|n,w*|tf  ^  muoue  m  the  number  of  panmrtrtr 

varied  are  0050  (6«:  136),  0.062  (623:163X0.049  (1061:190),  0.046  (1537:244),  and 
0.036  (1839:219)  for  PQP,  PSP.  DPQP.  DPSP.  and  TPB,  respectively.  Complete 
stractml  information  will  be  given  in  another  pahlicarion[  13).  Cooling  of  the  crystal  was 
»w«mpiiti»«i  with  as  Enraf  Nonius  FR558NH  liquid  nitrogen  cryostat  for  the  CAD4 
instrument 


RESULTS  AND  CONCLUSIONS 


Table  1  summarizes  current  results  along  with  published  results  for  biphenyl(BP),  p- 
*rphenyl(PTP),  and  p-quaterphenyl(PQuaiP)  and  one  can  see  several  trends.  As  the  number 
of  phenyl  units  in  the  oligomer  chain  increases,  one  observes  a  direct  increase  of 
approximately  4.1  A  to  the  c  lattice  itiwuwinii  of  the  monoclinic  unit  cell  per  paraphenylene 
unit  This  distance  is  slightly  less  than  the  length  of  a  pfaenylene  unit  so  one  would  expen 
d«  oligomer  axis  to  be  approximately  aligned  with  thee  crystallographic  axis.  Hie  unit  cell 
diagrams  included  to  figure  1  confirm  that  the  oligomer  axis  is  preferentially  aligned  with  the 
c  crystallographic  axis. 

lie  low  temperature  unit  ceil  is  a  saperlamce  of  the  room  temperature  unit  cell  with 
parameters  a  and  b  doubled  to  account  for  the  greater  displacement  of  the  non-pianar 
oligomer.  The  low  temperature  crystal  structures  of  PTP(8]  and  PQuatP(10]  were  solved 
using  a  triclinic  unit  cell.  At  room  temperature  the  crystal  structure  indicates  a  planar 
oligomer  probably  resulting  from  the  average  of  several  noo-planar  conformations.  At  low 
tempeatute  a  specific  non-planar  geometry  is  preferred. 

Figure  2  summarizes  the  melting  points  of  p-polyphenyls  and  their  respective  transmon 
temperatures.  A  steady  rise  to  temperature  is  obrerved  as  the  oligomer  increases  to  length  so 
that  the  predicted  transition  temperatures  for  PQP  and  PSP  should  be  above  room 
temperature.  However  are  report  here  that  the  structures  of  PQP  and  PSP  remain  planar  at 
room  temperature  and  Differential  Scanning  Calorimetry  (DSC)  measurements  indicate  that 
there  is  no  transition  other  than  melting  at  hiper  temperatures.  Upon  cooling  of  PQP  and 
PSP  stogie  crystals  to  1 10K,  unit  cells  very  similar  to  the  room  temperature  unit  cells  were 
found  initially.  However,  after  24  hours  a  crystal  phase  transition  had  occurred.  Both  DSC 
analysis  and  X-ray  powder  diffraction  patterns  taken  as  low  as  143K  and  held  for  several 
davs  revealed  no  structural  transition.  We  conclude  that  the  transition  temperature  must  exist 
between  143K  and  110K,  as  indicated  by  the  error  ban  to  Figure  2.  and  is  time  dependent. 
This  transition  could  be  non-first  order  as  observed  for  biphenyl[5,6]  to  which  a  soft  mode 
exists  below  in  transition  temperature.  More  experiments  are  planned  to  study  this 


As  is  the  case  for  most  high  temperature-resistant  polymers,  PPP  degrades  before  it 
melts:  however,  for  comparison  purposes  there  is  interest  in  knowing  the  theoretical  melting 
point  of  the  polymer.  Literature  reports  PPP  to  be  tofusiblef  11 J,  but  by  the  extrapolation  of 
experimental  melting  points  of  PPP  oligomers  (Figure  3)  we  estimate  the  melting  point  of 
PPP  to  be  1020K.  Extrapolated  melting  points  of  620K  and  1260K  have  been  reported  for 
poiv(tetrafiuoroethylene)[12]  and  Keviar™[131,  respectively.  Those  extrapolations  are 
based  on  melting  point  depression  assocuued  with  end  group  concentration  to  polymers!  14]. 

The  low  tttnperature  crystal  structure  of  DPQP  is  isostractural  with  its  room  temperature 
crystal  structure  indicating  no  structural  transition,  to  a  paper  to  be  published  elsewhere!  15] 
we  report  that  the  addition  of  pendant  groups  to  the  PPP  oligomer  results  in  a  distortion  of 
plananty  of  the  unsubstituted  oligomer,  but  the  torsion  angles  change  less  than  an  average  of 


TABLE  I 

VARIABLE  TEMPERATURE  CRYSTAL  DATA 
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Figure!  Plot  of  transition  (-*-.K)  and  melting  point  vs.  oligomer  length  (n). 

Melting  point  data,  taken  from  DSC  measurements,  are  as  follows:  279K[2], 
343K[2f483K[2].  59IK(2J.  661K[3J.  710K[3],  741K[3J,  and  764K[3] 
for  n  ■  1  -  8.  respectively.  Transition  temperatures  are  40K[6],  191IQ7J, 
and  243KJ10]  for  n  *  2  -  4,  respectively.  Error  ban  at  a  «3  and  6  indicate 
semperantre  range  for  observed  transition. 


Figure  3.  Plot  of  log  of  inverse  melting  point  (log  (1/DJC)  vs.  inverse  oligomer  length  (1/n) 
showing  the  extrapolated  meiiing  point  of  high  polymer  PPP. 
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R|tot4.  MotocaUr¥»w*ofI)PQP,DPSP»i‘jra 


1°  between  room  tod  low  temperature.  As  the  length  of  the  substituted  PPP  oligomer 
increases.  a  systematic  decrease  ia  symmetry  is  obsereed  as  a  change  is  space  group.  The 
subsrinartoligooaenwpremMBd  in  Figae  4  mddte  molecules  form  a  heaingbooepaaent 
in  the  unit  cell  More  compounds  in  das  senes  are  beingstudied. 

Molecular  modeling  studies  of  PPP  oligomers  are  complementing  structure 
invesnganons.  The  calculated  torsion  angle  for  biphenyl  is  aptradmately  twice  that 
calculated  for  the  rigid-rods ipoly<p>phenylenebeMohisthiaxole)  (PBZT)  and  poly(p- 
phenylenebenxobisoxaiole)  (PBO)[16.17J.  The  torsioa  angles  calculated  for  a  phenyl 
aubshtuted  biphenyl  molecule  in  ia  lowest  energy  conformation  agree  with  crystallographic 
data  for  substituted  PPP  oligomers.  PPP  conformations  simulated  in  the  absence  of  crystal 
packing  forces  have  the  riap  perpendicular  so  each  other.  This  suggests  that  the  constraints 
within  the  unit  cell  are  strong  enough  to  overcome  the  ortho-hydrogen  repulsion.  Recent 
calculations  show  ppp  to  have  a  high  theoretical  axial  tensile  modulus  and  a  high 
compressive  strength,  which  encourages  continued  Interest  in  PPP  oligomers  as  potential 
structural  materials]  171. 
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The  room  temperature  crystal  structures  of  1,2,4-trtpheaylbenzene  (TPB),  C,4H„;  2M5-diphenyl-j>- 
quinquepfaenyl  (DPQ),  C4JHW;  and  2i^*-dipheayl  p  sepapbcnyl  (DPS),  CMH,„  have  been  investigated 
ai  pan  of  a  research  programme  in  rigid-rod  polymers.  materials  which  are  of  great  interest  for  aeroipace 
and  electro-optical  application*.  The  molecules  are  noo-planar.  m  contrast  to  the  planar  structures  found 
at  room  temperature  for  the  unsubstituted  poiyphenyls.  The  olifomer  axis  does  not  align  with  any  of  the 
crystallographic  axes.  The  pendant-oligomer  bond,  however,  does  align  with  the  longest  crystallographic 
axis.  The  pendant  torsion  angle  is  greater  than  4S*  and  increases  with  increasing  chain  length.  Knowledge 
of  molecular  structure  and  crystal  packing  of  oligomeric  model  compounds  win  be  useful  in  further 
calculations  of  mechanical,  optical,  and  electro-optical  properties  for  the  corresponding  rigid-rod  polymer 
structures.  ,  ... 

(Ktyvnfc  priyghsayh;  pth-^fkntlnut  crystal  streeft;  rifM  ltd  gslysw.  emtadag  pdyuun) 


INTRODUCTION 

The  past  few  yean  have  seen  the  activity  in  the  area  of 
conducting  polymers  grow  at  a  very  rapid  rate.  The 
widespread  interest  in  conducting  polymen  dearly  reflects 
their  perceived  technological  potential1.  Attention  has 
focused  on  the  pi-bonded  polymen  such  as  poly- 
paraphenylene  (PPP)  for  several  reasons.  It  can  be 
oxidized  to  a  polymeric  cation  rather  than  undergo  other 
chemistry  and  thereby  be  made  electrically  conducting; 
it  is  thermally  stable:  pi-orbital  overlap  may  create 
interesting  non-linear  optical  (NLO)  properties:  and 
improved  methods  have  been  reported  for  the  synthesis 
of  oligomeric  soluble  prepolymer. 

The  generation  of  charge  carrien  in  the  polyphenyls 
occun  by  doping  and  the  subsequent  formation  of  ionic 
species.  e.g.,  a  polymeric  cation  and  a  counter  ion. 
Electrical  conductivity  as  high  as  500 ohm cm*1  has  been 
achieved  with  dopants  such  as  Li,  K.  and  AsF,  (ref.  3). 
The  polymer  chains,  as  for  organic  molecules  in  general, 
adopt  a  different  conformation  in  the  ionized  state 
compared  to  the  neutral  state.  Conformation  differences 
would  lead  to  changes  in  the  amount  of  pi-orbital  overlap 
along  the  polymer  axis  as  well  as  affect  the  electro-optical 
properties  of  the  polymer. 

In  an  ongoing  study  of  PPP  is  new  electrically 
conducting  rigid-rod  polymers,  the  room  temperature 
structures  of  2,.4*-diphenyl-p-quinquephenyl  (DPQ), 
2J.65-diphenyl-p-septiphenyl  (DPS),  and  1.2.4-triphenyl- 
benzene  (TPB)  have  been  determined.  TPB  was  included 
in  the  present  study  because  its  room  temperature  crystal 
structure  had  not  been  reported.  The  first  two  compounds 


0W2-JSSIWJ0VI62MW 


have  the  general  structure. 


where  i»«l  for  DPQ  and  n»?  for  DPS.  Letters  (A,  B, 
etc.) .refer  to  the  connecting  bond  along  the  main  chain 
and  the  Creek  letters  and  a)  refer  to  the  torsion  angles 
between  adjacent  phenyl  groups.  These  compounds  were 
synthesized  in  order  to  obtain  a  better  understanding  of 
how  rigid-rod  molecules  pack  in  solids  and  how  chain 
length  affects  packing.  In  addition,  recent  calculations4 
have  indicated  that  PPP  is  a  very  stiff  molecule  which, 
if  processed  into  fibres  nefag  high  molecular  weight 
polymer,  would  have  very  high  tensile  modulus. 

EXPERIMENTAL 

Oligomers  were  synthesized  by  Bruce  Reinhardt.  Materials 
Laboratory,  Wright  Patterson  Air  Force  Base,  according 
to  a  new  method  which  involves  intertnoiecular  cycliz- 
ation:.  The  highly  crystalline  samples  required  no 
additional  purification  and/or  crystal  growth.  Density 
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measurements  were  made  by  flotation  in  mixed  solvents  t«u*  2  Atonic  positions  of  lxs-tripteayitemc  Numbers  in 
containing  methyl  alcohol  and  methylene  chloride.  parmbesee  «•  ntimotod  mandate  devtaoooi  in  (fee  inm  significani 

Reflection  data  were  collected  on  an  Enraf  Nonus  *8”* 


CAD4  diffractometer  coupled  with  a  DEC  micro  PD  P-1  i 
computer  and  processed  on  a  VAX  1 1/730  using  software 
in  the  Structure  Determination  Package  (SDP)5.  Structure 
solutions  were  determined  by  MULTAN  11/82*  and 
SHELXS-861.  The  method  of  refinement  followed  the 
general  scheme:  ( I )  isotropic  refinement  of  carbon  atoms 
using  unit-weighted  reflections;  (2)  isotropic  refinement 
of  carbon  atoms  using  unit-weighted  reflections;  hydrogen 
atoms,  with  fixed  thermal  factors,  positioned  in  idealized 
geometries  and  constrained  to  its  attached  carbon  atom 
with  a  bond  length  of  0.93  A;  (3)  anisotropic  refinement 
of  carbon  atoms  using  unit  weights  with  hydrogen  atoms 
still  constrained  to  attached  carbon  atoms;  (4)  anisotropic 
refinement  of  carbon  atoms  to  convergence  using  I/e^P) 
weights  with  hydrogen  atoms  riding  on  attached  carbon 
atoms.  Subsequent  isotropic  refinement  of  hydrogen 
atoms,  as  expected,  did  not  yield  appreciably  better 
results  due  to  the  reduced  data-to-parameter  ratio. 


RESULTS 

Table  1  lists  crystallographic  and  data  collection  par¬ 
ameters.  and  final  refinement  results.  Figure  l  shows  the 
TPB  molecule  with  the  carbon  atoms  labelled.  Tables  2 
and  i  contain  the  atomic  positions,  bond  distances,  and 
bond  angles,  respectively.  Figure  2  shows  a  stereo  view 
of  the  molecular  packing  in  the  unit  cell. 

DPQ  is  shown  in  Figure  3  with  the  carbon  atoms  of 
the  asymmetric  unit  labelled.  Tables  4  and  5  present  the 
atomic  positions,  bond  distances,  and  bond  angles, 
respectively.  The  stereo  view  of  the  molecular  packing  in 
the  unit  cell  is  shown  in  Figure  4.  The  molecule  possesses 
a  centre  of  symmetry. 

The  DPS  molecule  with  the  carbon  atoms  of  the 
asymmetric  unit  labelled  is  shown  in  Figure  5.  Atomic 
positions,  bond  distances,  and  bond  angles  are  presented 
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in  Tables  6  and  7,  respectively.  Figure  6  depicts  a  stereo 
view  of  the  molecular  packing  of  the  structure  in  the  unit 
cell.  This  molecule  also  possesses  a  centre  of  symmetry. 
(Observed  and  calculated  structure  lector  amplitudes  and 
other  details  of  the  structure  analysis  have  been  deposited 
at  the  British  Library  Copyright  Receipt  Office*  as 
supplementary  materia)  to  this  paper.) 

DISCUSSION 

Table  8  summarizes  the  bond  lengths  between  neigh- 
bouring  phenyl  units  for  structures  determined  at  room 

•Britali  Library  Cepyriftu  Raonpt  Office.  3  Sheraton  Sr  met.  London 
WIV  4BH.  UK 


temperature.  The  values  are  not  significantly  different 
than  the  corresponding  distances  in  the  unsubstituted 
pppe-t  r  £  significant  shortening  of  these  bond  distances 
in  the  substituted  oligomers  would  have  indicated  more 
double  bond  character  and  increased  electron  delocaliz¬ 
ation.  It  should  be  noted  that  the  contribution  of  the 
quinoid  resonance  structure  is  believed  to  increase  upon 
doping  of  PPP*  with  alkali  metals.  This  is  accompanied 
by  a  decrease  in  aromaticity  and  an  increase  in  electron 
delocalization.  Thus,  it  is  not  certain  whether  pendant- 
containing  PPP  could  therefore  be  doped  with  alkali 
metal  ions  to  produce  better  electronic  conductors  and/or 
NLO  materials. 

The  bond  angles  are  very  dose  to  the  expected  120° 
value  with  the  largest  deviations  in  angles  associated  with 
connecting  phenyl  units.  The  oligomer  axis  of  each 
molecule  is  essentially  coaxial  and  small  deviations  are 
probably  due  to  steric  hindrance  of  the  phenyl  pendant 
groups.  Deviations  of  the  oligomer  axis  carbon  atoms 
from  the  best  least  squares  line  fit.  plotted  in  Figure  7. 
show  that  DPS  is  distorted  the  most  of  the  three 
oligomers.  When  viewed  down  the  chain  axis.  DPQ  has 
a  small  sinusoidal-shaped  wave  perpendicular  to  the 
plane  of  the  central  ring,  whereas  TPB  and  DPS  are 
bowed.  The  terminal  phenyl  ring  of  TPB  (C13-C18)  is 
T  from  being  coil  inear  with  the  oligomer  axis.  These 
contortions  of  the  oligomer  axis  are  shown  in  Figure  8. 

In  all  three  oligomers,  the  oligomer  axis  does  not  align 
with  any  of  the  crystallographic  axes:  however,  the  bond 
connecting  the  pendant  to  the  oligomer  aligns  preferen¬ 
tially  along  (or  nearly  so)  one  of  the  crystallographic 
axes.  In  TPB  the  pendant -oligomer  bond  aligns  dose  to 
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Flpttl  Srtrto  vww  of  the  partial  contents  of  the  unit  aril  of  TM.  Sitanad  wtato  Mr  onatad  fat  clarity.  The  6 
iu  m  horizontal  and  the  c  iu  is  ratio] 


Flfn  3  T’A'-Diphenyl-p-qtiiaqucphcayl  with  carbon  now  tUtpcwdi 
drawn  at  the  50%  probability  level 


Flprv  4  Stereo  view  of  DPO  showing  molecular  pocking  m  turn  cell 
Moiaoike  positioned  on  front  comm  are  omitted  for  clarity.  The  r 
ua  it  horizontal  and  the  6  aaia  ts  venial 


TtUr  4  Atomic  positions  of  TM’-diphenyl-p-quioquephenyl  Num¬ 
ber!  in  pnicnthaa  are  aaomaiad  standard  deviations  in  the  least 
■gnificaut  digit 
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a.  while  the  pendant-oligomer  bond  in  DPQ  and  DPS 
aligns  approximately  parallel  to  the  b  axis.  In  results  to 
be  published,  paro-quinquephenyl  *nd  para-sexiphenyl 
have  their  oligomer  axes  preferentially  aligning  with  b 
(ref.  12).  Thus,  with  the  exception  of  TPB.  the  pendant- 
oligomer  bond  aligns  with  the  longest  crystallographic 
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Com  pound  bum 

A  (A) 

■  (A) 

C(A) 

*  (A) 

Coefonnatjon 

Biphenyl* 

1.495(5) 

• 

P 

p-Tcrphcayl" 

1305(5) 

- 

- 

• 

P 

p-Quaitrpbeayl" 

1302(4) 

1416(5) 

- 

- 

P 

pOuiaquephenyl11 

I.4SK5) 

14*2(5) 

- 

- 

P 

ptouphenyl11 

1506(6) 

1501(1) 

1461(1) 

- 

P 

l24-Tripbcnylbu»K 

14*6(2) 

14*9(2) 

- 

14*9(2) 

N 

iM’-Dipbenyl-p-qumquephenyl 

1490(4) 

14*9(4) 

- 

14(3(4) 

N 

iHgtMXphaiyl  p  wptiphtnyl 

1411(4) 

14(6(4) 

14*7(5) 

1493(3) 

N 

Flg«re7  Deviation  of  the  carbon  atoms  compoanj  the  olif  omer  axis 
from  least  squares  line 


asn.  The  short  chain  axis  of  TPB  aad  lack  of  molecular 
symmetry  appear  to  play  an  important  role  in  this 
alignment. 

The  addition  of  the  phenyl  pendant  groups  disrupts 
the  planarity  of  the  polyphenyls  observed  in  the  room 
temperature  structures  of  biphenyl11,  para-terphenyl14, 
para-quaterphenyl11,  paro-quinquephenyl  and  para-sexi- 
phenyl12.  as  seen  in  Tables  9  and  10.  This  is  most 
probably  due  to  steric  hindrance  of  the  pendant  groups 
with  the  oligomer  chain  and  crystal  packing  forces. 
Hydrogen-to-hydrogen  distances  between  phenyl  rings 
(H2-H9  in  DPS,  for  example)  are  approximately  equal 
to  2.5  A.  Hydrogen  atoms  on  the  terminal  phenyl  ring 
closest  to  the  pendant  group  are  approximately  equi¬ 
distant  from  one  of  the  ortho  hydrogen  atoms  on  the 
pendant  group.  In  DPQ,  for  example.  HI1  and  H15  on 
the  terminal  phenyl  ring  are  both  approximately  3.6  A 
from  H17  on  the  pendant  ring  (see  Figure  9).  The 
corresponding  values  in  DPS  are  3.7  A.  For  the  three 
pendant-substituted  oligomers,  the  pendant  hydrogen 
•tom-io- terminal  phenyl  hydrogen  atom  contact  increases 
with  oligomer  length  (from  approximately  3.5  A  in  TPB 
to  3.7  A  in  DPS). 

The  average  torsion  angle  within  the  oligomer  chain 
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Biphenyl 

C„H„ 

29*“ 

0 

• 

- 

40* 

to 

- 

p-Ttrphcnyl 

0|»HU 

298“ 

0 

- 

• 

110“ 

If 

» 

- 

p-Quaterpbcnyl 

CmH„ 

29* 11 

0 

0 

- 

110“ 

17.1 

22.7 

p-Qumquephecyi 

ChH„ 

29*“ 

0 

0 

- 

110 

Work  io  progress 

p-Seupheayl 

C„H„ 

29*“ 

0 

0 

0 

no 

Work  in  program 

p-Scpo  phenyl 

c«hk 

29* 

Work  in  program 

110 

Work  in  program 

Trite  I*  Tenieo  angles  of  pendant  pdypbenyb.  The  tonioo  angles  ait  tebdted  relative  to  the  symmetry  erotic  of  the  molecule  toch  that  if  • 
symmetry  centre  eutu  oo  the  bond  «"g  mo  phenyl  mitt  the  tonioo  angk  nfen  to  the  mo  adjacent  rinp*.  If  a  centre  of  symmetry  exuu 
in  a  phenyl  unit  the  torson  upe  nfen  to  the  neareet  chain  link.  Pendant  nfen  to  the  tomoo  angle  hemeea  the  pendant  group  and  the  phenyl 
group  to  which  it  it  attached  taee  general  structure  I 


Name 

1  ,2,4-Tripben  j+hetnene 
Z’J’-Diphenyl-p^iuaterphenyl 
J'.e’-Diphenyt-p-qumquephenyl 
3iJ*-Diphenyl-p  ertiphenyl 
2,.6,-Diphenyl-p-aeptiphenyl 


Formula 

Tempentura  (K) 

di  K*eg)  da  (deg) 

da (deg) 

k (deg! 

CmHu 

29* 

424  494 

- 

48.4 

110 

Work  in  program 

C«H„ 

298 

Work  in  program 

110 

Work  in  program 

55.7 

C„H„ 

298 

-28.0  314 

- 

110 

Work  in  program 

C..Hm 

298 

Work  in  program 

110 

Work  in  program 

61.0 

29* 

43.2  -45.6 

4S.6 

no 

Work  in  program 

Plgnre*  Hydrogen  atom  reputeon  distances  between  pendant  and 
oiifomcr  axis  for  2JA*4liphenyl-|Mpiinquephenyl 


is  45'.  which  is  approximately  twice  the  value  of  23: 
predicted  for  PPP  from  structural  data  and  further 
supported  by  ab  initio  quality  quantum  mechanical 
calculations3.  The  exception  is  DPQ  which  has  tonion 
angles  of  approximately  —28°  at  the  centre  ring,  but 
angles  of  51  for  the  terminal  ring.  The  reason  for  this 


Number  atPhenyr  Units  in  Oagomer  Chain 


Flgart  If  Graph  of  pendant  tonion  angle  vs.  total  number  of  phenyl 
utuu  in  oligomer  chain 

large  difference  unique  to  this  oligomer  is  not  clear  at 
this  time. 

The  tonion  angle  between  the  pendant  group  and  the 
oligomer  chain  is  greater  than  45°,  increasing  with  chain 
length.  As  the  hydrogen  atoms  of  the  main  chain 
approach  the  hydrogen  atoms  of  the  pendant  group, 
the  pendant  tonion  angle  decreases.  This  trend  is  not 
yet  undentood  and  more  measurements  on  different 
model  systems  are  under  consideration.  Fully-optimized 
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AMPAC  AMI  oonfonnatkmal  calculations  for  the  low 
energy  structure  of  orrto-phcnyl-substituted  biphenyl 
reveal  torsion  angles  of  approximately  40'  (ref.  17).  A 
line  with  a  positive  slope  is  obtained  when  the  pendant 
torsion  angle  is  plotted  against  the  number  of  phenyl 
units  in  the  oligomer  chain  (see  Figure  JO). 

CONCLUSIONS 

The  non-planar  structures  of  the  phenyl-substituted 
oligomers  contrast  with  average  planar  structures  ob¬ 
served  for  the  unsubstituted  polyphenyls.  The  average 
torsion  angle  along  the  oligomer  chain  is  43e.  The 
oligomer  axis  does  not  align  with  a  crystallographic  axis: 
however,  the  pendant  connect  bond  prefers  to  align 
parallel  to  one  of  the  crystallographic  axes.  The  pendant 
torsion  angle  increases  with  chain  length.  More  research 
is  needed  on  oligomers  with  even  numbers  of  phenyl  units 
along  the  main  chain  to  compare  and  contrast  with  those 
which  have  an  odd  number.  Also  the  pendant  groups  of 
the  title  compounds  occupy  positions  closest  to  the 
terminal  phenyl  unit.  Similar  measurements  of  com¬ 
pounds  where  the  pendant  group  is  attached  closest  to 
the  central  phenyl  unit  are  needed  to  identify  the  major 
reasons  for  variations  in  the  torsion  angles  along  the 
oligomer  axis. 
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ABSTRACT 

The  crystal  structure  analysis  and  IR  study  of  the  molten  salt  precursor,  l-methyi-3-ethylimi- 
daxolium  chloride  (MEIC1)  has  been  undertaksn  as  pan  of  an  investigation  of  the  ion-ion  inter- 
actions  in  room  temperature  malts,  where  the  mole  fraction  of  A1C1,  is  leas  than  OS.  Hygroscopic 
crystals  of  MEIC1  have  been  grown  in  acetonitrik  and  sealed  under  helium  gas  in  a  capillary  tube. 
The  orthorhombic  apace  group  is  P2|2j2i,  with  e*10.087(l),  6*11.179(1),  c« 28.733 (4)  A, 
k  V* 3240.0  A3,  moL  wt.  *  146.62  and  1.204  g  cm "*  for  Z*  16.  The  asymmetric  unit  contains 

four  MEI*«*»C1~  ion  pairs.  The  MEI*  ions  duster  in  four  distinct  layers  perpendicular  to  the  c 
axis.  Similarly,  the  arrangement  of  Cl"  ions  is  a  layered  one.  Each  Q"  interacts  with  three  MEI* 
ions  and  each  MEI*  is  associated  with  three  nearest  Cl~  ions.  Hm  distance  of  Cl"  from  a  ring 
carbon  atom  averages  345  k.  Cl~  ions  art  situated  in  hydrogen-bonded  positions  rather  than  at 
random,  characteristic  of  a  C-H***C1~  hydrogen-bond  interaction.  Evidence  for  the  presence  of 
.  hydrogen  bonding  of  Cl  ~  at  the  three  ting  C-H  bonds  in  basic  MEIC1/A1C1*  melts  is  presented. 


INTRODUCTION 

Mixtures  of  l-methyl-3-stbylimidazolium  chloride,  MEIC1,  and  A1C1S,  where 
the  mole  fraction  (N)  of  A1C1S  is  between  0.33  and  0.67,  are  molten  salts  at 
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Fig.  1.  Structure  of  one  of  the  four  MEI*  ion*  in  the  asyaaetric  unit  Selected  average  bond 
dietancM  (A)  and  bond  angiee  (* )  are:  N1-C2 157;  C2-N3 150;  N3-C4  159;  C4-C6  158;  C5- 
Nl  1.41:  N1-C6 155;  C6-C7 1.43;  N3-C8 1.48;  C2-N1-C5 109;  N1-C2-N3 110;  C2-N3-C4  111; 
N3-C4-C5 104;  C4-C5-N1 106;  C2-N1-C6 180;  C&-N1-C8 121;  C2-N3-C8 126;  C4-N3-C8 123; 
and  N1-C6-C7 104.  MEI*  (3)  values  for  N1-C6  and  C&-C7  a re  omitted  from  the  average  bond 
distances  preeented.  Maximum  artmatad  atandard  deviations  for  individual  bond  dietancee  and 
bond  angles  are  0.05  A  and  4*.  selectively. 

and  well  below  room  temperature  [1,2].  Pure  MEIC1  has  a  melting  point  of 
87  °C.  These  melts  are  of  interest  as  electrolytes  in  high  energy-density  batter¬ 
ies  [3,4 1,88  solvents  for  studying  ionic  complexes  [5],  and  as  catalytic  solvents 
for  organic  reactions  [6].  The  potential  utility  of  these  melts  has  prompted 
studies  into  the  nature  of  the  ionic  interactions  in  the  melts. 

IR  spectroscopy  [7]  recently  showed  that  the  MEI*  ion  interacts  with  Cl" 
ions  present  in  basic  melts  (N<0.5)  at  the  C2,  C4,  and  C5  positions  shown  in 
Fig.  1.  This  result  differs  from  the  ion-pair  model  in  which  Cl"  is  hydrogen 
bonded  solely  at  the  C2  position.  An  alternative  model  was  suggested  but  not 
satisfactorily  demonstrated  in  which  the  MEI*  ions  are  stacked  parallel  to 
each  other  with  Cl”  and  AlCl^  anions  positioned  such  that  Cl”  can  interact 
with  all  three  ring  C-H  bonds.  Since  the  IR  spectra  of  solid  and  liquid  (90°C) 
MEIC1  were  shown  to  be  very  similar,  the  structure  analysis  of  MEIC1  was 
undertaken  to  determine  the  nature  of  MEI+*»*C1”  interactions  in  molten 
salts. 

EXPERIMENTAL  METHODS 

Solid  MEIC1  was  prepared  by  the  reaction  of  1-methylimidazole  and  ethyl 
chloride  in  airless  glassware  as  described  previously  [1].  The  solvent  of  re- 
crystallization  was  acetonitrile  rather  than  ethyl  acetate,  a  procedure  which 
enhanced  crystal  quality.  Unfortunately,  the  crystals  were  observed  to  retain 
a  coating  of  mother  liquor  even  after  nine  days  under  vacuum. 

A  small,  irregularly-shaped  crystal  ofMEICl  with  dimensions  0-25mmx0.25 
mm  X  0.35  mm  was  mounted  in  a  glass  capillary  under  dry  box  conditions.  Pre¬ 
liminary  examination  and  data  collection  were  performed  with  Mo  Ka  radia¬ 
tion  (Ak0.71073  A)  on  an  Enraf-Nonius  CAD4  diffractometer  equipped  with 
a  graphite  crystal  incident  beam  monochromator. 

Cell  constants  and  an  orientation  matrix  for  data  collection  were  obtained 


from  least-squares  refinement,  using  the  setting  angles  of  25  reflections  in  the 
range  5.O<0<16.3°.  The  orthorhombic  cell  parameters  and  calculated  volume 
are:o«10.087(l),6.11.179(l),c«28.733(4)  A,  V-3240.0 A3.ForZ«  16and 
MW  *  146.62,  the  calculated  density  is  1.20  g  cm'*,  which  compares  with  the 
measured  density  of  1.204  ±0.004  g  cm-3  obtained  by  flotation  in  a  benzene/ 
carbon  tetrachloride  mixture.  From  the  observed  systematic  absences  and  sub¬ 
sequent  least-squares  refinement,  the  space  group  was  determined  to  be  P2j2,2i 
(No.  19). 

The  data  were  collected  at  room  temperature  using  the  u>/20scan  technique. 
The  scan  rate  was  calculated  from  the  results  of  a  fast  pre-scan,  and  varied 
from  0.69  to  2.78°  min'1  (in  omega).  Data  were  collected  to  a  maximum  26  of 
50.0*  (h-0-12,*-0-13,/«0-34). 

Three  representative  reflections  were  measured  every  30  min  as  a  check  on 
crystal  and  electronic  stability.  The  intensities  of  these  standards  remained 
constant  within  experimental  error  throughout  data  collection  and  no  decay 
correction  was  applied.  The  extremely  hygroscopic  crystal  moved  slowly  inside 
the  capillary  during  data  collection.  This  movement  was  carefully  monitored 
by  periodically  examining  the  orientation  check  reflections.  Reorientation  of 
the  crystal  occurred  on  average  every  125  reflections;  3284  unique  reflections 
were  collected.  Lorentz  and  polarization  corrections  were  applied  to  the  data. 
The  linear  absorption  coefficient  was  3.9  cm'1  for  Mo  Ka  radiation  and  no 
absorption  correction  was  made. 

The  structure  was  solved  by  direct  methods  [9].  Hydrogen  atoms  were  lo¬ 
cated  and  added  to  the  structure  factor  calculations  but  their  positions  were 
not  refined.  The  structure  was  refined  by  full  matrix  least-squares  [10]  where 
the  function  minimized  was  Xu>(  |F0|  —  |FC|  )2  and  the  weight  w  is  defined  as 
the  reciprocal  of  the  standard  deviation  of  Fw  squared.  Atomic  scattering  fac¬ 
tors  were  taken  from  Cromer  and  Waber  [11  ]  and  the  values  for  Af  and  Af' ' 
were  those  of  Cromer  [12]. 

865  Reflections  having  intensities  greater  than  3.0  times  their  standard  de¬ 
viation  were  used  in  the  refinements.  The  final  cycle  of  refinement  included 
159  variable  parameters  and  converged  (largest  parameter  shift  was  0.07  times 
its  estimated  standard  deviation)  with  unweighted  and  weighted  agreement 
factors  of  0.10  and  0.13,  respectively.  The  standard  deviation  of  an  observation 
of  unit  weight  was  3.63.  Because  of  unresolved  problems  associated  with  the 
refinement  of  C26  and  C27,  their  positions  were  held  fixed  during  the  final 
cycle  of  refinement  The  highest  peak  in  the  final  difference  Fourier  map  had 
a  height  of  0.44  e  A'3  with  an  estimated  error  based  on  AF  of  0.10,  while  the 
largest  negative  peak  had  a  height  of  0.41  e  A'3.  The  two  largest  positive  den¬ 
sity  peaks  were  located  in  the  vicinity  of  C26  and  C27;  others  were  randomly 
located  throughout  the  unit  cell 

Fractional  coordinates  and  equivalent  isotropic  thermal  parameters  for  the 
36  nonhydrogen  atoms  are  reported  in  Table  1.  Observed  and  calculated  struc- 
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TABLE  1 


Fractional  coordinaf  and  equivalent  ieotrqpic  thermal  parameter!  and  their  aetimatedettndard 
deviation 


Atom 

* 

y 

X 

B  (A*)' 

ME1*(1) 

Nl 

0.834(3) 

0.673(2) 

03846(8) 

63(7) 

C2 

0.758(3) 

0.742(3) 

0.562(1) 

7(1) 

N3 

0.680(2) 

0300(2) 

03907(7) 

43(6) 

C4 

0.701(3) 

0.765(2) 

03355(8) 

3.4(6) 

C5 

0304(3) 

0.680(3) 

0.6325(9) 

53(8) 

C6 

0344(3) 

0399(3) 

.  0368(1) 

8(1) 

C7 

0313(4) 

0.478(4) 

0368(1) 

15(2) 

C8 

0381(3) 

0383(3) 

0377(1) 

63(9) 

MEI4’(2) 

Nil 

—0.065(2) 

0.014(2) 

0.4069(8) 

53(7) 

C12 

-0.118(3) 

-0.054(3) 

03799(9) 

53(8) 

N13 

-0.072(2) 

-0.050(2) 

03393(7) 

5.0(6) 

C14 

0.019(3) 

0.047(3) 

0334(1) 

6.4(9) 

Cl5 

0.044(4) 

0.078(3) 

0381(1) 

9(1) 

Cl6 

-0.090(3) 

0.052(3) 

0.460(1) 

63(9) 

Cl7 

0.008(4) 

-0.032(3) 

0.481(1) 

11(1) 

C18 

-0.129(3) 

-0.121(3) 

0.2984(9) 

6.1(9) 

MEI*(3) 

N21 

0.752(3) 

0.289(3) 

0341(1) 

9.4(9) 

C22 

0.813(3) 

0366(3) 

03668(9) 

6.0(9) 

N23 

0.783(2) 

0340(2) 

0.4104(7) 

4.1(6) 

C24 

0.685(3) 

0350(3) 

0.4096(9) 

43(8) 

C25 

0.671(4) 

OJ217(3) 

0364(1) 

9(1) 

C26 

0.807" 

0350" 

0385" 

12(1) 

C27 

0.723" 

0379" 

0362" 

16(2) 

C28 

0.822(3) 

0.398(2) 

0.4538(9) 

5.0(8) 

MEI-(4) 

N31 

0.642(2) 

-0.060(2) 

0.1583(7) 

4.0(5) 

C32 

0.565(2) 

-0.001(2) 

0.1866(8) 

3.0(6) 

N33 

0.482(2) 

0.063(2) 

0.1623(7) 

3.7(5) 

C34 

0.495(3) 

0.043(3) 

0.1169(9) 

4.4(7) 

C35 

0389(3) 

-0.039(3) 

0.115(1) 

5.0(8) 

C36 

0.764(3) 

-0.145(3) 

0.167(1) 

7(1) 

C37 

0.714(3) 

-0332(3) 

0.197(1) 

8(1) 

C38 

0390(3) 

0.154(3) 

0.184(1) 

7(1) 

Cll 

03339(9) 

0.7793(8) 

03556(3) 

63(2)* 

C12 

0.476(1) 

03408(8) 

0.7042(3) 

6.6(2)* 

CI3 

-0.173(1) 

03055(8) 

13402(3) 

6.6(2)* 

C14 

-0.4661(1) 

09774(8) 

13019(3) 

6.4(2)* 

•An  asterisk  indicataa  that  the  atoms  were  refined  anieotrop  ically  and  ara  given  in  the  form  of  the 
isotropic  equivalent  tbennal  parameter  defined  tt  (4/3)  le*Bu  ■+  fc*B»  +  c*B*j  +  o6(coey)Bl*+ 
oc  (cot  fl)B„  +  6c(cMa)Ba]. 

‘Parameter  was  fixed  during  the  fintJ  cycle  at  ieast-equaraa  refinement 


tu re  factor  amplitudes  and  other  details  of  the  structure  analysis  are  available 
from  BXXD.  as  Supplementary  Publication  No.  SUP  26375  (6  pages). 

Infrared  spectra  were  recorded  on  an  IBM  IR/32  FTIR  spectrometer.  The 
liquid  MEIC1  sample  was  a  thin  film  between  NaCl  plates  with  no  spacers. 

DISCUSSION 

MEI+  cation 

The  asymmetric  unit  consists  of  four  MEI*  •  *  *C1~  ion  pairs.  Figure  1  shows 
a  view  of  one  of  the  four  substituted  imidazolium  ions.  The  endocyclic  bond 
distances  and  angles  in  the  four  MEI*  ions  vary  markedly  from  ring  to  ring 
(1-21—1.51  A  and  101-114* ).  The  exocyclic  alkyl  groups  are  attached  to  the 
ring  with  bond  distances  of  1.43-1.74  A.  In  MEI*  (2)  andMEI+(4)  ions, the 
P  carbon  of  each  ethyl  substituent  is  above  the  mean  plane  of  the  five-mem- 
be  red  ring,  with  torsion  angles  (C12-N11-C16-C17  and  C32-N31-C36-C37 ) 
of  96.3  and  55.7°,  respectively,  while  in  the  MEI+  (1 ),  the  beta  carbon  is  below 
the  ring,  with  a  torsion  angle  (C2-N1-C6-C7)  of  —107.3°.  Atoms  C26  and 
C27  of  the  ethyl  substituent  in  (MEI+  (3) )  are  disordered.  This  observation 
reflects  one  of  the  difficulties  in  the  crystallographic  examination  of  these  mol¬ 
ten  salt  precursors. 

Unit  cell 

As  shown  in  Fig.  2,  the  ion  pairs  pack  into  the  unit  cell  in  ways  similar  to 
both  planar  molecules  and  simple  inorganic  salts.  The  MEI+  ions  cluster  in 
four  distinct  layers,  perpendicular  to  the  c  axis,  with  interlayer  separations  of 
6.741-7.568  A  as  defined  by  the  average  distances  between  ring  centroids. 
Within  a  layer,  each  molecule  is  separated  from  its  neighbor  by  3.792-4.091  A 
as  measured  along  the  diagonal,  while  the  edge-to-edge  separation  is  7.381- 
7.704  A.  The  middle  layers  differ  in  orientation  in  the  same  manner  as  the  first 
and  fourth  layers. 

As  described  for  the  MEI*  ions,  the  arrangement  of  Cl*  ions  is  a  layered 
one,  comprising  four  different  patterns  of  anions.  The  first  two  patterns  atz= 
—0.05  and  0.05  are  related  by  space  group  symmetry,  each  consisting  of  a  pair 
of  Cl'  ions  situated  approximately  on  ab  cell  diagonals.  The  third  and  fourth 
patterns  are  found  at  e  «0.30  and  0.70,  the  former  consisting  of  four  ions  lo¬ 
cated  approximately  on  the  ac  and  be  faces  of  the  unit  cell,  while  the  latter  is 
comprised  of  a  plane  of  five  ions,  one  close  to  each  cell  edge  and  the  fifth  ap¬ 
proximately  in  the  center  of  the  cell.  These  four  patterns  occur  cyclically  along 
the  c-axis,  the  first  occurrence  of  the  first  and  second  patterns  being  split  by 
the  bottom  ab  face  of  the  unit  cell  The  fourth  pattern  occurs  after  this,  fol- 


Fig.  Z  Stcnovtew  of  the  MEIC1  unit  nlL  The  e  axis  k  vertical  and  a  is  horizontal. 

lowed  by  the  third.  In  the  center  of  the  cell,  the  first  and  second  patterns  repeat, 
after  which  the  third  and  fourth  patterns  repeat,  and  so  on. 

Interlayer  interactions 

The  relative  orientations  and  connectivity  of  the  MEI*  and  Cl~  layers  are 
alternately  depicted  in  Fig.  3.  In  this  drawing,  the  cations  are  shown  arranged 
in  rows  (designated  a-h )  in  which  the  MEI *  rings  share  a  common  plane.  The 
rows  in  the  plane  of  the  drawing  (a,  c,  e  and  g)  represent  a  cross-section  of  the 
layers  formed  by  the  staggered  stacks  of  MEI4’  running  parallel  to  the  plane 
of  the  drawing.  The  alternating  rows  running  perpendicular  to  the  plane  of  the 
drawing  (b,  d,  f  and  h)  represent  a  similar  cross-section.  The  heavy  dashed 
line  (the  c  axis  of  the  unit  cell )  is  at  the  intersection  of  these  two  cross-sections. 
Note  that  the  rows  labelled  a  and  e  are  equivalent  The  light  dashed  lines  con¬ 
nect  Cl-  and  MEI*  ions  which  are  nearest  neighbors.  By  examining  the  Cl- 
ions  on  the  intersection  line,  it  can  be  seen  that  each  Cl~  interacts  with  three 
MEI*  ions,  two  of  which  share  a  plane  which  is  perpendicular  to  the  plane  of 
,  the  third.  Also,  each  MEI*  is  associated  with  three  nearest  Cl~  ions  which  are 
in  the  same  plane  as  the  MEI*  ring. 

There  are  two  rows  of  Cl'  ions  associated  with  each  row  of  MEI*  ions.  One 
has  Cl-  ions  interacting  with  just  a  single  ring  carbon  atom  (alternating  be¬ 
tween  C2  and  C5 )  of  the  MEI  *  ion  in  an  associated  row,  while  another  (on  the 
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Fig.  3.  MEIC1  structure  showing  relative  orientation  and  connectivity  of  adjacent  layers.  Rows  a 
and  e  are  equivalent.  The  heavy  dashed  line  represents  the  direction  of  c  axis. 

side  of  the  MEI*  row)  has  each  Cl'  interacting  with  ring  carbon  atoms  from 
two  adjacent  MEI*  ions  in  the  row.  In  Fig.  3  these  would  be  the  top  and  bottom 
Cl'  rows,  respectively,  interacting  with  row  a  of  MEI*  ions.  These  rows  are 
drawn  with  uniformly  spaced  Cl~  ions;  however,  in  the  crystal  the  spadngs  are 
alternately  large  and  small.  In  the  top  row,  the  Cl'  ions  interacting  with  C2 
are  directly  above  the  MEI  * ,  while  those  interacting  with  CS  are  forced  to  shift 
in  the  direction  of  the  C5-H  bond  and  as  a  consequence  away  from  positions 
directly  above  the  MEI*.  If  the  interaction  of  Cl'  with  MEI*  were  non-spe¬ 
cific,  the  Cl~  ions  would  be  expected  to  be  uniformly  spaced  to  achieve  maxi¬ 
mum  separation.  This  uneven  spacing  is  seen  as  evidence  for  Cl”  ions  inter¬ 
acting  specifically  with  MEI*  through  hydrogen  bonding. 


Ion-ion  interactions 


Figure  3  shows  that  the  stack  model  in  which  Cl'  ions  are  positioned  be¬ 
tween  stacked  MEI*  ions  is  not  supported  by  the  crystal  structure  and  that 
the  C2-H”  -Cl'  hydrogen-bonded  ion-pair  model  is  preferred.  The  triple  in¬ 
teractions  of  each  ion  in  the  structure  are  illustrated  in  Fig.  4.  The  distance  of 
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Fig.  4.  (a)  Representative  triple  interaction  of  Cll  with  three  nearest  MEI*  ions,  (b)  interaction 
ofMEl*(l)  with  three  nearest  Cl-  ions.  Distances  (A)  shown  are  C** 'Cl-  contacts. 

a  Cl~  from  a  ring  carbon  atom  averages  about  3.55  A,  ranging  from  3.34  to  3.80 
A.  This  is  in  good  agreement  with  the  accepted  criteria  for  C-H>  •  -Cl”  hydro¬ 
gen  bonding  [8] .  The  fact  that  the  Cl"  ions  are  situated  in  potential  hydrogen- 
bonded  positions  (C-H*  *  *C1~  angle  ranges  from  132  to  167° )  rather  than  at 
random  also  strongly  suggests  this  interaction  to  be  hydrogen  bonding.  Further 
evidence  for  a  hydrogen-bonded  interaction  is  provided  by  ring  C-H  stretching 
bands  which  shift  to  lower  frequencies  (by  about  100-150  cm”1 )  and  become 
broader  and  more  intense  as  more  Cl”  is  present  in  basic  MEIC1/A1C13  melts 
[7].  Thus,  the  C2-H* •  -Cl”  hydrogen-bonded  ion  pair  model  should  account 
for  a  C-H-  •  -Cl”  type  interaction  at  all  three  ring  carbon  atoms.  Structural 
evidence  for  the  presence  of  discrete  hydrogen-bond  ion  pairs  (r{C2- 
H" -I”} =2.93  A)  in  crystals  of  l-methyl-3-ethylimidazolium  iodide  has  re¬ 
cently  been  reported  [13]. 

Extension  of  model  to  liquid  phase 

The  shift  in  frequency  and  broadening  of  the  MEI*  ring  C-H  stretching 
band  observed  in  basic  MEICI/ A1C13  melts  [  7  ]  is  certainly  consistent  with  the 
aforementioned  hydrogen-bonding  model.  An  equally  compelling  observation 
is  the  comparison  of  the  IR  spectra  of  solid  and  liquid  MEICI  shown  in  Fig.  5. 
This  previously  presented  [  7  j  but  unpublished  result  supports  the  conclusions 
that  the  interactions  with  Cl”  affecting  the  ring  C-H  stretches  in  MEI+  are 
virtually  the  same  in  the  solid  and  liquid  phases  of  MEICI.  The  presence  of 
AlClT  in  basic  melts  may  alter  the  MEI+ •  •  •Cl”  interaction  only  slightly  since 
the  peaks  of  the  ring  C-H  stretching  bands  in  liquid  MEICI  and  basic  MEICI/ 
AlCla  melts  are  also  virtually  the  same  (the  “Cl”  interaction  band"  is  at  3049 
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Fig.  5.  FTIR  spectra  of  solid  and  liquid  MEIC1  [7]. 

cm-1  [7] ).  Thus  the  MEI+**,C1“  interactions  in  basic  melts  are  character¬ 
ized  as  hydrogen-bonding  of  Cl-1  at  the  three  ring  C-H  bonds. 

CONCLUSIONS 

The  structure  of  crystalline  MEIC1  is  characterized  by  layers  containing 
MEI*  ions  interspersed  with  layers  of  Cl“  ions.  The  directions  of  the  stacks 
in  adjacent  layers  are  rotated  90s.  Each  MEI+  ion  appears  to  be  hydrogen 
bonded  to  three  nearest  Cl~  ions.  The  results  suggest  that  in  basic  MEIC1/ 
A1C13  molten  salts,  the  Cl~  ions  also  interact  with  MEI*  by  hydrogen  bonding 
at  the  three  ring  carbon  atoms. 
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ABSTRACT 

The  structures  of  poly(p-phenylenebenzobisthiazole)  (PBZT) 
and  poly(p-phenylenebenzobisoxazole)  (PBO)  fibers  have  been 
investigated  by  fiber  diffraction  techniques,  d-spacings  were 
obtained  from  equatorial  and  aeridional  scans  recorded  on  a 
four-circle  diffractometer.  Intensity  data  were  derived  from 
x-ray  rotation  patterns  taken  on  Weissenberg  and  vacuum 
cylindrical  cameras.  Unit  cells  were  found  to  be  sionoclinic  and 
non-primitive,  each  containing  two  chains  per  cell  of  dimensions 
a  -  11.79(2),  b  -  3.539(5),  C  •  12.514(9)  X,  f  —  94.0(2)°  for 
PBZT;  and  a-  11.20(1),  b  -3.540(2),  c-  12.050(3)  A, 
7  -  101.3(1)  for  PBO.  The  fiber  axes  correspond  to  e.  The 
conformational  torsion  angle  between  the  bisthiazole  and 
phenylene  units  and  the  orientation  of  chains  within  the  unit 
cells  were  obtained  from  a  ' linked-atcra  least-squares'  (LALS) 
refinement  procedure.  A  packing  model  is  proposed  for  each 
polymer  in  which  two  independent  molecular  chains  are  displaced 
longitudinally  by  discrete  rather  than  random  increments. 
Primitive  unit  cells  (Z  -  1),  besides  requiring  perfect  axial 
registry  of  molecular  chains,  suffer  from  the  occurrence  of 
short  intermolecular  contacts  and  are  rejected  from  further 
consideration. 


INTRODUCTION 

The  structures  of  poly(p-phenylene  benzobisthiazole)  (PBZT) 
and  poly(p-phenylene  benzobisoxazole )  (PBO)  have  been  of 
interest  for  the  past  decade.  Numerous  publications  have 
advanced  the  understanding  of  the  fiber  and  film  structures  of 
these  rigid  rod  chains  {1-3}.  Based  on  diffraction  patterns 
which  show  molecular  transform  scattering  on  layer  lines  and 
diffuse  (biaxial)  reflections  along  the  equator,  the  as-spun 
polymer  is  viewed  as  a  nematic  solid  with  a  high  degree  of 
orientational  order  but  with  axial  translational  disorder.  Heat 
treatment  induces  crystallization  of  the  chains,  as  seen  by 
axial  bright  field  lattice  imaging  [4,5).  The  crystallization 
process  is  reported  to  be  more  extensive  for  PBO  than  for  PBZT; 
thus  a  considerable  amount  of  axial  disorder  is  expected  in  the 
final  fiber  structure  of  PBZT  [6].  The  extent  of  ordering 
still  does  not  approach  the  30  crystallinity  of  the  chemically 
similar,  extended-chain  poly-2, 5-benzoxazole  (ABPBO)  and  poly- 
2,  6  -benzothiazole  (ABPBT)  molecules,  as  well  as  the  stiff-chain 
poly(p-phenylene  terephthalamide )  (PPTA)  fibers  [6,7]. 

Our  approach  has  been  to  apply  the  linked-atom  least- 
squares  (LALS)  method  to  PBZT  and  PBO  fibers  exhibiting  the 
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,or4*r  observed  to  date.  Th«  results,  representing  the 
equilibrium  crystal  structure,  serve  as  a  vehicle  by  which  one 
can  measure  progress  in  reaching  a  fully  ordered  structure  by 
processing  improvements .  The  goal  is  to  understand  changes  in 
structure  and  morphology  imparted  by  chemical  or  physical  means 
(xn  fiber  processing,  for  example),  and  to  relete  these  changes 
to  the  properties  observed  for  these  rigid-rod  materials. 


Materials.  PBZT  samples  were  obtained  from  the  E.Z.  DuPont  and 
Hoechst  Celanese  Companies  (AFTECB  1  and  II).  PBO  fibers  were 
spun  by  W.-F.  Hwang  (currently  with  the  Dow  Chemical  Company) 
while  he  was  affiliated  with  the  University  of  Dayton  Research 
Institute  (6].  Fibers  were  spun  at  elevated  temperatures  from 
liquid  crystalline  solutions  in  methanesulfpnic  acid.  Heat 
treatment  temperatures  ranged  from  525  to  700°c  for  PBZT,  and 
«oo  to  7io°c  for  PBO. 

.  Fiber  densities  were  measured  by  the  flotation  method  in 
mixed  carbon  tetrachloride-chloroform  and  chloroform-tetrachloro 
ethylene  solvents.  Comparable  densities  were  obtained  in  each 
solvent  system. 

S-ilttY  Photography-  Fiber  bundles  of  sub-millimeter  diameters 
were  prepared  by  winding  single  filaments  around  a  cardboard 
support.  Specimens  were  mounted  So  that  the  fiber  axis  was 
normal  to  the  incident  beam.  X-ray  diffraction  patterns  were 
recorded  on  weissenberg,  Buerger  precession  and  57.3  mm  radius 
vacuum  cylindrical  cameras  using  Hi-filtered  CuKq  radiation. 
The  latter  camera  was  employed  to  resolve,  at  least  partially, 
diffuse  overlapping  spots  and  to  reduce  the  effects  of  air 
scatter,  whereas  the  primary  function  of  the  precession  camera 
to  *urvey  fiDar  specimens  and  not  to  collect  diffraction 
intensities.  The  precession  camera  recorded  a  plane  in 
reciprocal  space  in  which  c  is  vertical  and  parallel  to  the 
fiber  direction.  The  multiple-film  method  was  used  to  collect 
the  entire  range  of  intensities. 

Diffractometer  scan*.  Hickel-filtered  CuKa  radiation  was 
produced  by  a  Rigaku  RU200  rotating  anode  generator  with  a  0.3 
x  3mm  source  size.  Equatorial  and  meridional  scans  were 
recorded  on  a  Picker  four-circle  diffractometer  which  bad 
previously  been  modified  for  modulus  studies  (6).  An  advantage 
of  this  technigue  is  the  ability  to  observe  weak  reflections  at 
high  20  by  adjusting  step  scan  intervals  and  counting  times. 
Overlapping  reflections  were  resolved  by  using  a  curve  fit 
program  which  also  corrected  for  background,  Dp  factors, 
absorption,  and  air  and  Compton  scattering.  Areas  under  the 
peak  profiles  afforded  estimates  of  the  intensities  of 
equatorial  reflections. 

Microdens itometrv.  Integrated  intensities  of  equatorial  and 
off-axis  reflections,  corrected  for  background  and  Lp  factors, 
were  obtained  by  scanning  fiber  rotation  photographs  on  a 
Joyce-Loebl  microdensitometer.  Details  of  the  procedure  have 
been  discussed  elsewhere  {7J.  Reflections  which  could  not  be 
resolved  were  treated  as  an  overlapping  group  and  assigned  a 
composite  intensity  value. 
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RESULTS 

The  chemical  structures  of  the  molecules  and  atom  label 
designations  are  shown  in  Figure  l. 


Figure  l.  Chemical  structures  of  PBZT  and  PBO  showing  atom 
label  designations. 


The  measured  monofilament  fiber  densities,  of  PBZT  and  PBO 
ere  1.57  ♦/-  o.oi  g/cm  and  1.50  ♦/"  0.01  g/cm ,  respectively. 
Mo  detectable  differences  were  observed  in  the  values  for 
as -spun  and  heat  treated  fibers. 

PBZT  and  PBO  samples  yielded  well-defined  diffraction  data. 
Representative  fiber  rotation  patterns  are  shown  in  Figure  2. 
Strong  equatorial  and  multiple  meridional  reflections  are 
general  features  of  the  diffraction  patterns  of  both  polymers. 
Meat  treated  fibers  show  a  limited  number  of  off-axis  (hkl) 
reflections,  indicating  the  presence  of  3D  order.  For  example, 
hX2  reflections  as  well  as  discrete  hkS  reflections  are  clearly 
visible  for  each  polymer  (see  Figure  2). 

Figure  3  presents  equatorial  scans  which  show  reflections 
beyond  a  29  of  90  .  Corresponding  meridional  scans,  published 
elsewhere  in  these  Proceedings  (8],  revealed  up  to  twelve  orders 
of  diffracted  intensity.  The  curve  fit  program  used  the  least- 
squares  method  to  match  a  combination  of  Gaussian  and  Lorentzian 
peak  profiles  to  the  corrected  intensities.  Figures  4  and  5 
show  representative  curve  fits  for  several  regions  of 
overlapping  intensity  along  the  equator. 
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d-spacing*,  obtained  by  1 east- squares,  ware  satisfactorily 
indexed  using  both  primitive  and  non-primitive*  cells.  Cell 
constants  were  obtained  by  minimising  the  sum  of  the  squares  of 
the  differences  between  observed  and  calculated  d-spacings.  a 
weighting  scheme  based  on  the  intensities  and  widths  of  fitted 
peak  profiles  was  applied  in  which  completely  resolved 
reflections  were  assigned  larger  weights  than  partially  resolved 
or  unresolved  reflections.  Best-fit  lattice  parameters  for 
non-primitive  unit  cells  are  listed  in  Table  Z.  The  measured 
equatorial  d-spacings  used  to  compute  them  are  tabulated  in 
Tables  XI  and  XXX,  along  with  calculated  values  using  alternate 
indexing  schemes,  spacings  along  c  ware  obtained  independently 
from  a  least-squares  fit  of  meridional  reflections.  Odell's 
assignment  of  indexes  for  FBZT,  shown  in  Table  XX,  was  judged  to 
give  a  less  satisfactory  match  between  observed  end  calculated 
values.  The  same  conclusion  was  reached  for  PBO,  Cell  B, 
presented  in  Table  XXX. 


Table  I.  Non-primitive  unit  Cells  for  PB2T  and  PBO 


a  (A) 
b  (A) 
c  (A) 
y  (deg) 

Crystal  system 
Molecules  per  cell  (Z) 

Cell  volume  (A3)  . 

Calculated  density  (g  go  J) 
Observed  density  (g  cm  3) 
Formula  Repeat 


FBZT 

11.79(2) 

3.539(5) 

12.514(9) 

94.0(2) 

monoclinic 

2 

536.4 

1.71 

1.57 

IC14VWn 


PBO 

11.20(1) 

3.540(2) 

12.050(3) 

101.3(1) 

monoclinic 

2 

46B.4 

1.66 

1.50 

tC14H6N2°2>n 


The  indexes  corresponding  to  the  best-fit  primitive  cells 
are  given  in  Table  XV,  which  for  FBZT  is  similar  to  Unit  Cell  I 
previously  reported  by  Roeht,(a  •  5.83,  b  -  3.54,  c  -  12.33A, 
y  •  96°,  Dcalc  -  1.74  g  cm  3)[2).  The  best-fit  primitive  cell 
for  PBO  is  essentially  that  reported  by  Krause  et.al.  (e  •  5.65, 
b  -  3.58,  c  •  11.74A,  and  >  -  102.5°  {6]).  For  reasons 
discussed  later,  primitive  cells  were  deemed  unacceptable  and 
eliminated  from  further  consideration. 

The  LALS  technique  has  been  employed  in  the  analysis  of  the 
structure  of  ordered  polymers  [9).  Xts  application  to  FBZT  and 
PBO  involved  reducing  the  number  of  variables  by  constraining 
bond  lengths  and  bond  angles  to  the  values  shown  in  Table  v, 
which  are  obtained  from  model  compound  studies  [10,11].  The 


*  The  terms  'primitive,  non-primitive  end  monoclinic'  are  not 
used  in  the  strict  crystallographic  sense  since  the  asymmetric 
unit  lacks  the  requisite  point  symmetry.  Xn  space  group  F2,  for 
example,  a  polymer  chain  located  at  0,0,2  is  required  to  have  a 
two-fold  rotation  axis  coincident  with  the  unique  axis.  Neither 
FBZT  nor  PBO  possesses  the  required  symmetry.  Xn  this  paper,  ** 
well  as  in  those  of  earlier  researchers,  the  terms  primitive  and 
non-primitive  imply  a  cell  containing  one  and  two  chains  per 
cell,  respectively.  The  term  monoclinic  simply  denotes  a  cell 
with  two  90  angles  for  which  a  satisfactory  fit  exists  between 
observed  and  calculated  d-spacings. 
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Table  ZZ.  Comparison  between  Observed  and  Calculated 
tquatorial  Spacing*  (A)  for  Two  PBZT  Mon-primitive  Unit  Cells 

Observed  Zndex  and  Calculated  d-spacing  Observed 

a-4Bflfiiaa  Ibis.  XQlfc  (a)  Odell  (b)  Intensity  (c) 


5.828 

200 

5.882 

200 

5.87 

15.1 

3.509 

010 

3.531 

-110 

3.534 

100.0 

3.129 

-210 

3.125 

110 

3.185 

29.3 

2.932 

400,210 

2.939 

400 

2.935 

11.2 

1.964 

600 

1.961 

- 

- 

2.3 

1.823 

- 

1.825 

-220 

1.767 

14.9 

1.768 

020,-610 

1.766 

020 

1.745 

27.9 

1.666 

220,610 

1.662 

120 

1.643 

13.0 

1.579 

-420 

1.563 

220 

1.593 

1.3 

1.455 

420 

1.469 

- 

- 

0.93 

1.187 

030 

1.177 

- 

16.0 

1.121 

-430 

1.120 

- 

0.94 

(a)  Calculated  using  cell  in  Table  Z. 

(b)  Odell's  cell,  hki's  and  observed  spacings  taken  from  [3]. 

(c)  Derived  from  peak  areas  from  diffractometer  scans  and  scaled 
to  a  maximum  of  100, 


Table  ZII.  Comparison  between  Observed  and  Calculated 
Equatorial  Spacings  (A)  for  Two  Best-Pit  FBO  Non-primitive  Cells 

Observed  Index  and  Calculated  d-spacing  Observed 

d-spac  this  work  (a)  Cell  £  (b)  Intensity  (c) 


5.501 

200 

5.491 

200 

5.505 

26.2 

3.481 

010 

3.472 

010 

3.481 

71.7 

3.256 

-210 

3.233 

110 

3.259 

100.0 

2.756 

400 

2.746 

400,210 

2.752 

11.3 

2.360 

-410 

2.392 

- 

- 

0.74 

1.996 

410 

1.975 

- 

- 

5.8 

1.835 

600 

1.830 

600 

1.835 

5.4 

1.768 

-120 

1.769 

- 

- 

30.6 

1.702 

-320 

1.702 

120 

1.702 

7.7 

1.615 

-420 

1.617 

-320 

1.611 

22.3 

1.371 

800 

1.373 

800 

1.376 

0.56 

1.198 

810 

1.199 

- 

- 

5.1 

1.157 

030 

1.157 

030,-130 

1.160 

11.7 

1.091 

230 

1.091 

-430 

1.093 

4.7 

(a)  see  Table  Z.  , 

(b)  cell  B:  a  »  11.032(B),  b,«  3.485(3),  C  -  12.fiS0(2)  A, 
y  rn  93.6(1)°,  V  »  462.4  A  ,  Dcalc  »  1.68  g  cm  . 

(c)  Derived  from  peak  areas  from  diffractometer  scans  and  scaled 
to  a  maximum  of  100. 
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Table  IV.  comparison  between  Observed  and  Calculated 
Spacings  (X)  for  the  Best-Fit  Primitive  Cells 

PB2T  PBO 


Observed 

Calculated 

Observed 

Celculated 

Index  (a) 

d-soacino 

fl-JMCiPB 

Index  (b) 

d-ipftsinfl  dz* pacing 

100 

5.828 

5.882 

100 

5.501 

5.491 

010 

3.509 

3.531 

010 

3.481 

3.473 

-110 

3.129 

3.125 

-110 

3.256 

3.234 

200 

2.932 

2.941 

200 

2.756 

2.746 

300 

1.964 

1.961 

-210 

2.360 

2.393 

- 

1.823 

- 

1.996 

- 

020 

1.768 

1.765 

300 

1.835 

1.830 

310,120 

1.666 

1.662 

-310,-120 

1.768 

1.768 

-220 

1.579 

1.563 

- 

1.702 

- 

- 

1.455 

- 

-220 

1.615 

1.617 

030 

1.187 

1.177 

400,-410 

1.371 

1.372 

-230 

1.121 

1.120 

410 

1.198 

1.199 

030,320 

1.157 

1.155 

130 

1.091 

1.091 

(a)  a  -  5.896(11),  b  -  3.539(5),  e  ;-12. 514(9)  X,  7  -  94.0(2)°, 

V  •  260.5  X  ,  Dcalc  •  1.70  g  cm  .  Based  on  9  degrees  of 
freedom. 

(b)  a  -  5.598(61,  b  *  3.540(3),  C  -  22.050(4)  X,  7  -  101.2(1)°, 

V  -  234.2  X  .  Dcalc  -  1.66  g  cm  .  Based  on  14  degrees  of 
freedom. 


Table  v.  Fixed  Bond  Distances  (A)  and  Bond  Angles  (°)  in 
Polymer  Xepeat  Units  (a) 


Bond 

PBZT 

PBO 

Angle 

PB2T 

pBO 

C2-S(0) 

1.736 

1.383 

C2-S(0)-C4 

88.9 

104.1 

C4-S(0) 

1.758 

1.370 

C3-N-C4 

110.8 

104.4 

C3-N 

1.385 

1.399 

C2-C1-C3’ 

117.3 

112.5 

C4-N 

1.292 

1.300 

Cl-C2-S(0) 

128.6 

127.0 

C1-C2 

1.376 

1.385 

C3-C2-S(0) 

109.0 

107.1 

C1-C3' 

1.389 

1.385 

C1-C2-C3 

122.4 

125.8 

C2-C3 

1.422 

1.405 

Cl '-C3-H 

124.6 

129.7 

C4-C5 

1.469 

1.464 

C2-C3-N 

115.1 

108.6 

C5-C6 

1.383 

1.387 

Cl  '-C3-C2 

120.4 

121.7 

C5-C10 

1.392 

1.387 

»-C4-S(0) 

116.3 

115.6 

C6-C7 

1.385 

1.387 

C5-C4-S(0) 

119.9 

122.2 

C7-C8 

1.371 

1.387 

C5-C4-N 

123.8 

122.2 

C8-C9 

1.378 

1.387 

C4-C5-C6 

121.6 

120.0 

C9-C10 

1.377 

1.387 

C4-C5-C10 

119.3 

120.0 

C6-C5-C10 

119.1 

120.0 

C5-C6-C9 

120.0 

120.0 

C6-C7-C8 

120.0 

120.0 

C7-C8-C9 

120.0 

120.0 

C8-C9-C10 

120.0 

120.0 

C9-C10-C5 

120.0 

120.0 

(a)  C-H  distances  are 

fixed  at 

0.94  X;  C-C-B  angles  at 

120°. 

Atoms  in  parentheses  correspond  to  PBO. 
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overall  isotropic  temperature  factor  B  was  fixed  at  6.0A*.  A 
scale  factor,  one  torsion  angle  per  polymer  repeat  (r),  and 
three  angles  which  define  the  orientation  of  chains  in  the  unit 
cell  were  refined.  Final  fractional  atomic  coordinates  of  the 
repeat  units  are  presented  in  Table  VX. 


DISCUSSION 

Based  on  the  observed  fiber  period  and  model  compound 
data,  the  chain  direction  in  both  polymers  is  parallel  to  the 
fiber  axis  (e-axis).  The  length  of  the  c-axis  corresponds  to 
the  repeat  distance  of  a  single  mer  unit,  which  is  comprised  of 
a  bisbenzazole  and  attached  p-phenylene  segment. 

The  b-axis  is  roughly  the  perpendicular  distance  between 
the  faces  of  two  overlapping  heterocyclic  rings,  while  the 
a-axis  is  the  approximate  distance  between  equivalent  edges  of 
side-by-side  heterocyclic  rings.  The  structure  and  cell 
parameters  of  PBO  are  similar  to  those  of  PBZT,  except  that  the 
a  and  c-axes  in  PBZT  are  slightly  larger,  probably  due  to 
conformational  differences  between  chains  and  the  larger  size  of 
the  sulfur  atom. 

Refinement  Of  Primitive  -Calls.  Analysis  of  the  packing  of 
molecules  in  primitive  cells  revealed  some  serious  shortcomings. 
First,  inclusion  of  longitudinal  and  lateral  disorder  to  any 
significant  degree  in  the  final  structure  is  precluded  since 
primitive  cells  require  perfect  registry  of  adjacent  chains.  In 
addition,  close  intermolecular  contacts,  which  could  not  be 
eliminated  by  refinement  of  the  variable  .parameters,  were 
observed.  The  closest  contacts  (Hi. ..HI',  1.73A;  H7...H9,  1.96A; 
and  H6...H10,  1.99A  for  PBZT,  and  H1...H1',  1.76A;  H6...H10, 

1 . 90A;  and  H7...H9,  1.90A  for  PBO)  occurred  between  neighboring 
molecules  positioned  along  a.  Thirdly,  a  close  examination  of 
the  x-ray  photographs  (see  Figure  2)  showed  an  inner  row  of 
diffraction  maxima  which  could  not  be  indexed  in  a  primitive 
cell.  This  latter  observation  is  consistent  with  the  appearance 
of  a  weak  innermost  equatorial  peak  (d  •  11. sA)  for  PBZT  film, 
which  was  indexed  100  in  a  non-primitive  cell  [3).  For  these 
reasons,  further  refinement  of  primitive  cells  was  discontinued. 

It  should  also  be  noted  that  refinement  of  primitive  cells 
for  each  polymer  produced  non-planar  structures  with  reasonable 
torsion  angles  (*  ■  18.9  for  PBZT  and  12.0°  for  PBO). 

Refinement  of  Won-Primitive  Cells.  The  problems  just  described 
for  primitive  cells  are  virtually  eliminated  with  non-primitive 
unit  cells  (Z»2).  The  close  H...H  intermolecular  contacts  are 
relieved,  increasing  to  over  2.0A  for  the  closest  H...H  contact. 
Contacts  larger  than  2.1 A  are  considered  to  be  ecceptable. 
The  non-primitive  cells  are  constructed  by  doublin9  the  length 
of  the  e-axis  of  the  primitive  cells.  This  permits  e  second 
chain  to  be  added  at  0.5,0,w  (relative  to  the  first  at  0,0,0), 
thereby  allowing  axial  shifts  between  well-aligned  chains,  w 
can  range  over  one  translational  interval  along  c.  If  w  is 
zero,  the  non-primitive  cell  reduces  to  a  primitive  one,  and  if 
w  is  0.5,  the  cell  becomes  centered  and  hkl  reflections  are 
absent  if  h+1  is  odd. 

Additional  lateral  disorder  can  also  be  incorporated  into 
the  overall  structure  by  allowing  the  second  chain  to  have  a 
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Table  VI.  Fractional  Atonic  Coordinates  of  Repeat  Units 


PBZT 


Atom 

Z 

X 

Z 

C4 ' 

0.0000 

0.0000 

0.0000 

H’ 

-0.0877 

0.0140 

0.0613 

C3’ 

-0.0562 

0.0080 

0.1679 

C2’ 

0.0622 

-0.0115 

0.1666 

S* 

0.1320 

-0.0221 

0.0646 

Cl 

-0.1312 

0.0197 

0.2533 

C2 

-0.0659 

0.0116 

0.3545 

C3 

0.0325 

-0.0080 

0.3732 

Cl* 

0.1076 

-0.0197 

0.2879 

S 

-0.1556 

0.0222 

0.4765 

C4 

-0.0240 

0.0001 

0.5410 

N 

0.0639 

-0.0139 

0.4798 

C5 

-0.0185 

-0.0017 

0.6583 

C6 

-0.0925 

-0.2341 

0.7189 

C7 

-0.0856 

-0.2305 

0.8294 

CB 

-0.0050 

0.0047 

0.8795 

C9 

0.0692 

0.2375 

0.8199 

CIO 

0.0631 

0.2363 

0.7100 

B1 

-0.2097 

0.0327 

0.2424 

HI’ 

0.1861 

-0.0327 

0.2990 

H6 

-0.1463 

-0.3910 

0.6846 

H7 

-0.1374 

-0.3930 

0.8691 

H9 

0.127? 

0.4082 

0.8555 

H10 

0.1170 

0.4056 

0.6654 

FBO 


C4  * 

0.0000 

0.0000 

0.0000 

K* 

-0.1002 

-0.1142 

0.0555 

C2’ 

-0.0643 

-0.0755 

0.1668 

C3* 

0.0619 

0.0671 

0.1710 

0* 

0.1026 

0.1149 

0.0626 

Cl* 

-0.1334 

-0.1553 

0.2623 

HI’ 

-0.2224 

-0.2558 

0.2622 

C3 

-0.0642 

-0.0787 

0.3579 

C2 

0.0620 

0.0641 

0.3538 

Cl 

0.1311 

0.1438 

0.2562 

HI 

0.2201 

0.2444 

0.2563 

N 

-0.1000 

-0.1210 

0.4692 

C4 

0.0003 

-0.0066 

0.5247 

0 

0.1030 

0.1085 

0.4620 

C5 

0.0032 

-0.0074 

0.6461 

C6 

0.1060 

0.1835 

0.7017 

B6 

0.1780 

0.3203 

0.6588 

C7 

0.1087 

0.1647 

0.8166 

H7 

0.1828 

0.3223 

0.8568 

C8 

0.0088 

-0.0050 

0.8763 

C9 

-0.0940 

-0.1959 

0.8207 

H9 

-0.1661 

-0.3326 

0.8637 

CIO 

-0.0970 

-0.1971 

0.7057 

H10 

-0.1709 

-0.3347 

0.6656 
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different  azimuthal  orientation  relative  to  the  first  chain. 
The  refinement  of  this  angle  was  not  undertaken  due  to  the 
small  number  of  observed  reflections,  especially  off-axis 
reflections.  2n  the  case  of  FBO,  an  azimuthal  rotation  of  the 
second  chain  by  iso  could  occur  in  a  more  or  less  random 
fashion.  Such  would  not  be  the  case  for  FBZT  since  the 
bisthiazole  unit  is  centrosynoetric  and  a  flip  of  the  second 
chain  by  180  can  be  seen  to  be  equivalent  to  a  translation 
along  c. 

fbzt.  Figure  6  shows  a  c-axis  view  of  the  packing.  As  expected 
from  the  crystal  structures  of  model  compounds,  FBZT  adopts  a 
non-planer  conformation  in  the  non-primitive  cell  given  in  Table 
1.  Shifts  of  w  •  +/-0.3  (approximately  */~*k)  by  the  second 
chain  produce  optimum  intermolecular  contacts  (mlnimisa  H...H 
contacts  are  2.4A).  me  mean  torsion  angle  (r)  is  46°.  shifts 
of  w  •  +/-0.5  (+/-6A)  are  also  possible,  but  produce  e  slightly 
higher  R  index. 

Recent  semi-empirical  calculations  on  an  isolated  FBZT  unit 
support  a  oon-planar  conformation  for  the  polymer  by  predicting 
a  torsion  angle  of  29  for  the  minimum  energy  conformation  (12]. 
Molecular  mechanics  calculations  reach  a  similar  conclusion,  the 
torsion  angle  being  20°.  Semi-empirical  calculations  also 
reveal  a  small  barrier  10. 11  kcal/mole)  at  0  ,  and  a  larger  one 
(0.74  kcal/mole  at  90  [12].  The  small  barrier  is  consistent 
with  the  proposal  that  the  conformation  stay  be  subject  to 
packing  considerations  in  the  polymer  and  processing  conditions. 


Figure  8.  e-axis  view  of  the  molecular  packing  of  FBZT  (top) 
and  FBO  (bottom).  The  a-axis  is  horizontal. 
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EBP,  pbo  molecules  also  adopt  a  slightly  son-planar 
conformation  in  a  call  shown  in  Tabla  1.  The  naan  torsion  angle 
(r)  is  13  *  mis  contrasts  with  the  planar  conformation 
observed  in  tha  crystal  structures  of  model  compounds  (11). 
shifts  of  w  -  +/-0.10  (+/-1.2X)  and  +/-0.5  (+/-6X)  yield  the 
optimum  in termol ocular  contacts.  Shifts  of  w  •  +/-0.3  (+/-3.6A) 
are  also  possible  but  only  at  the  expense  of  a  higher  R  index, 
figure  6  also  presents  a  view  of  the  molecular  packing. 

The  final  orientation  angles,  R  index  (calculated  on  the 
basis  of  observed  reflections  only  and  equal  to  (  J  |AF|/S|Fo|) 
and  observed  and  calculated  structure  factor  amplitudes  are 
given  in  Table  VZI. 

for  molecules  stacked  directly  above  one  another,  the 
theoretical  prediction  of  the  minimum  energy  arrangement  is  that 
chains  are  out  of  register  by  1.5  A  for  PBZT  and  as  much  as  3.0A 
for  PBO  (13].  D.  Martin  is  currently  using  electron  diffraction 
data  to  investigate  quantitatively  the  type  of  disorder  (14]. 

Table  VI 1.  Observed  and  Calculated  structure  Factor 
Amplitudes  for  PBZT  and  PBO 
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22 

1-4 

2 
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2 
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44 

41 
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19 

9 

3 

1 

3 

28 
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1 

4  1 

18 

7 

1-1 

1 

5  1 

1  1 

1 

5  1 

21 

26 

(a)  fc  values  are  based  on  shifts  of  w  •  +0.30  for  the  second 

chain.  The  placement  of  the  first  chain  in  the  unit  cell  is 
accomplished  by  placing  the  root  atom  (C4*  in  each  case)  at 
the  origin  with  the  bond  to  its  precursor  (C8‘ )  pointing 
along  the  positive  x-axis  and  its  precursor  (C7*  for  PBZT  and 
C9*  for  PBO)  in  turn  lying  in  the  (x,-y)  half -plane. 
Orientation  angles  X,  T  and  Z  are  *40.8,  -92.7  and  9.3  , 

respectively.  They  refer  to  the  angle  about  a,  b  and  c, 
respectively,  required  to  bring  the  chain  into  its  correct 
orientation.  Positive  rotation  is  counterclockwise  when 
viewed  from  positive  infinity.  Chain  continuity  is  main¬ 
tained  via  coincidence  constraints  imposed  on  pairs  of  atoms 
related  by  translational  syssaetry  along  c.  The  R  index  is 
13.0%  based  on  8  Bragg  maxima. 

(b)  w  *  0.10  for  the  second  chain.  X,T  and  Z  angles  are  90.3, 
-91.3  and  158.1°,  respectively.  R  is  11.4%  based  on  n 
reflections. 
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ABSTRACT 


The  room  temperature  crystal  structures  and  the  temperature  related  structural  transitions  >f  p- 
quinquephenyl  (PQP),  C30H22;  p-sexiphenyl  (PSexiP)  C36H26;  p*septi phenyl  (PSeptiP)  QoHso* 
have  been  investigated  as  part  of  a  research  effort  toward  rigid  rod  polymers  which  are  of  great 
interest  for  aerospace  and  electro-optical  applications.  The  molecules  are  planar  at  room  temperature, 
observe  the  herringbone  type  of  crystal  packing  and  have  a  setting  angle  6  of  56°,  which  is  similar  to 
that  reported  for  the  polymer  poly(paraphenylene)  (PPP).  In  contrast  to  PPP,  die  oligomers  align  in 
the  unit  cell  parallel  to  the  (010)  face  and  intersect  the  (100)  face  at  an  angle  co.  At  room  temperature 
the  cell  dimension  a  increases  by  4.lA  for  each  additional  benzene  ring  added  to  the  oligomer,  while 
b  and  c  remain  more  or  less  constant.  At  low  temperature  the  unit  cell  parameters  b  and  c  are 
approximately  doubled  and  a  remains  the  same  as  in  the  room  temperature  cell.  Unit  cell  changes  are 
similar  to  that  observed  in  previous  measurements  on  the  shorter  polyphenyls.  A  time-  dependent 
structural  transition,  in  contrast  to  the  lower  oligomers,  was  observed  for  PQP,  PSexiP,  and  PSeptiP 
at  1 10  K;  however,  efforts  to  determine  the  exact  transition  temperature  were  unsuccessful  and  a 
low  temperature  structure  could  not  be  refined.  High  temperature  measurements  indicate  the 
oligomers  to  be  thermotropic  liquid  crystals  and  the  crystal  -» smectic  transition  temperatures  were 
obtained  for  PQP,  PSP,  PSeptiP,  and  p-octiphenyl  (POP)  C46H34. 


INTRODUCTION 
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Poly  (paraphenylene)  (PPP)  has  been  reviewed  quite  extensively.1*3  It  can  be 
synthesized  by  many  routes  illustrated  in  Figure  1  with  the  two  most  common  being  the 
Kovadc  method4  and  the  Yamamoto  method3.  PPP  is  an  insoluble  and  infusible  dark 
brown  material  commonly  called  "brick  dust".  Its  lower  oligomers  shown  in  Table  I  and 
derivatives  with  phenyl  pendant  groups6  exhibit  measurable  melting  points  and  limited 
solubilities,  but  is  difficult  to  process.  Yet  PPP  has  been  applied  to  many  structural  uses 
ranging  from  solid  state  lubricants7*10  to  fibers11  and  ribbons12.  Tensile  bars  have  been 
fabricated  out  of  PPP  powder  by  powder-forming  techniques13  and  hydrostatic  pressing14 
which  exhibit  tensile  strengths  up  to  35  MPa  (5000  psi).  Recent  calculations15  indicate  that 
if  PPP  could  be  obtained  in  high  molecular  weight  and  fabricated  into  fibers,  it  would 
possess  excellent  compressive  strength,  surpassing  other  rigid-rod  polymers  such  as  poly 
(paraphenylenebenzobisoxazole)  (PBO)  and  poly  (paraphenylenebenzobisthiazole)  (PBT), 
but  have  a  limited  tensile  modulus.  Objects  made  from  PPP  powder  exhibit  ablation- 
compaction  properties  which  allow  fabricated  parts  to  undergo  controlled  uniform 
shrinkage  from  up  to  80%  of  the  original.16 

In  general,  the  mechanical  properties  of  fabricated  PPP  fall  in  between  those  of 
polyimide  and  graphite.14  PPP  has  excellent  heat  and  solvent  stability  in  addition  to  the 
good  macroscopic  structural  properties  mentioned  above.  However  the  polymer  has  even 
more  interesting  microscopic  molecular  properties.  PPP  becomes  highly  conducting  n-  or 
p-  type  materials  when  it  complexes  with  either  electron  donors  (Na+,  K+,  or  Li4)  or 
acceptors  (AsFs,  SbFs,  BFs",  or  PF6- ),  respectively.17  The  highest  conductivity  occurs 
with  AsFj  increasing  the  conductivity  of  the  virgin  polymer  from  approximately  10* 12 
ohm*1  m*1  to  greater  than  104  ohm*1  m*1  for  the  doped  polymer  -  an  increase  of  16  orders 
of  magnitude!  Different  model  structures  have  been  proposed  for  the  two  types  of 
conducting  materials.  An  intercalation  model  (see  Figure  2)  has  been  suggested  by 
Pradete,  et  al.18  based  upon  the  diffraction  pattern  of  heavily  doped  PPP  with  AsF$. 
Fibers  of  PPP  increased  in  diameter  by  approximately  50%  upon  AsF$  doping  suggesting 
diffusion  of  dopant  molecules  inside  the  fiber. 

Figure  3  shows  the  other  model  proposed  by  Baughman,  et  al.19  in  which  the  K+ 
ions  aggregate  in  columns  between  two  parallel  polymer  chains.  In  this  model  the  K+  ions 
do  not  stack  over  the  center  of  the  phenyl  rings  but  over  the  midpoint  of  the  HC-CH  bonds 
parallel  to  the  molecular  axis.  This  model  lends  credibility  to  the  belief  that  PPP  conduction 
is  strongly  influenced  by  the  ability  of  the  molecule  to  form  the  quinoid  resonance 
structure23*24  since  the  quinoid  resonance  structure  would  have  greater  electron  density 
over  the  HC-CH  bonds  parallel  to  the  molecular  axis  in  contrast  to  the  benzoid  structure 
where  "doughnuts”  of  electron  density  exist  above  and  below  the  ring  planes. 


Kovaclc  method* 
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TABLE  I 

PPP  Oligomer  Melting  Points  and  Solubility 
Oligomer _ |  Melting  Point,  °C  Solubility,  g/L 


“tOf 

H(0)r 


70* 

440  in  Toluene* 

210s 

8.5  in  Toluene* 

320® 

0.22  in  Toluene* 

395® 

388b 

388c 

<0.1  in  Toluene* 
good  in  l,2,4-Trichlarobenzeneb 
unavailable0 

475® 

437b 

429° 

<0.01  in  Toluene® 
poor  in  l,2,4-Trichlorobenieneb 
unavailable0 

545* 

468b 

insoluble® 

very  limited  in  l,2,4-TCBb 

491b 

very  limited  in  l,2,4-TCBb 

infusible4 

insoluble11 

*  Kern,  W.,  Ebersbach,  R  W.,  and  Ziegler,  I.  Makromol.  Chem.  19S9, 31, 154. 
b  Unroe,  M.  R.  and  Reinhardt,  B.  A.  Synthesis  1987, 11, 981. 
c  Kambe,  H„  Mita,  R.,  and  Yokota,  R.  Thermal  Anal  1971, 3, 387. 
d  Kovacic,  P.  and  Kyiiakis,  A.  J.  Amer.  Chem.  Soc.  1963, 85, 454. 
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10.50A 


fr-l-H  4/ysA 


Figure  2.  Intercalation  model  of  arsenic  pentafluoride  doped  PPP 

showing  d- values  obtained  from  diffraction  pattern.  Figure 
is  adapted  from  reference  1 8. 


2  x  d(obs)  ■  15.6A 


Figure  3.  Stacking  model  of  potassium  doped  PPP  showing  d-values. 

Figure  is  adapted  from  reference  19. 
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Tbe  electronic  properties  of  PPP  also  suggest  that  it  has  good  nonlinear  optical  (NLO) 
properties.  Recent  calculations22'23  on  the  electronic  band  structures  of  p-quaterphenyl,  p- 
quatopynole,  and  p-quatenhiopbene  indicate  that  the  undoped  oligomer  is  more  polarizable 
than  Its  heteroatom  counterparts.  Moreover,  when  doped  with  sodium  atoms  the 
polarizabilities  of  these  oligomers  increase.  Tbe  largest  increase  is  with  p-quaterphenyl 
which  doubles  its  mean  polarizability  to  15934  ev  and  almost  triples  its  linear  polarizability 
along  the  molecular  axis  to  790.00 ev.  This  significant  increase  in  linear  polarizability  (a) 
is  expected  to  lead  to  an  even  larger  increase  in  the  third  order  polarizability  Cfl,  due  to  fee 
scaling  relationship  between  a  and  y.23  PPP  has  a  band-gap  of  3.2  ev24  which  decreases 
when  the  oligomer  length25  and  tbe  quinoid  character  of  the  oligomer  backbone26 
increases.  Calculations27*28,  optical  measurements29,  and  EPR  studies30  demonstrate  that 
upon  heavy  doping  with  metals  or  AsFj  spinless  bipolsrons  are  formed  in 
coexistence  with  polarons.  Optical  measurements26  suggest  a  polaron-exciton  defect  to 
occur  over  about  five  phenyl  rings. 

Since  PPP  is  the  simplest  type  of  rigid-tod  polymer  it  represents  the  least  complicated 
case  of  shape  anisotropy.  Paul  Flory  writes: 

"These  bomologues  (of  PPP)  offer  unique  examples  that  (i) 
art  rigid  with  respect  to  the  rectilinear  axis,  (ii)  are 
effectively  cylindrical^  symmetric  about  this  axis,  and  (iii) 
are  devoid  of  possible  vitiating  effects  of  polar  groups."31 
PPP  oligomers  are  thermotropic  liquid  crystals  to  which  theoretical  calculations  involving 
the  relationship  of  shape  anisotropy  to  intennolecular  forces32  and  experimentation33  are 
devoted  to  better  understand  and  someday  exploit  liquid  crystal  transitions. 

The  foundation  of  this  work  lies  in  the  Air  Force  Ordered  Polymer  program  which 
has  as  one  of  its  objectives  the  research  and  development  of  new  materials  for  aerospace 
applications.  PPP  has  been  around  a  long  time  but  due  to  its  intractability  has  not  been 
exploited  as  well  as  other  materials.  Also  the  existing  synthesis  methods  produce  ortho  and 
meta  substituted  products  in  addition  to  die  desired  para  substituted  isomer.  For  this  reason 
a  new  synthesis  procedure  was  developed  to  produce  pure  para  substituted  product  This 
procedure  proved  very  successful  not  only  in  preparing  pure  para  oligomers  of  PPP  up  to 
nine  benzene  rings  long  in  high  yield,  but  also  in  die  selective  substitution  of  pendant 
phenyl  rings  on  the  oligomer  chain  in  an  effort  to  increase  die  solubility  of  PPP  allowing 
for  routine  processing  of  the  polymer  by  conventional  means.  Tbe  latter  goal  (®  increase 
PPPs  solubility)  has  not  been  significantly  realized  to-date,  but  it  has  given  us  an  excellent 
opportunity  to  study  the  structure  of  extended  oligomer  chains  of  PPP. 

Why  would  one  perform  a  crystal  structure  when  structural  information  can  be 
obtained  through  IR  or  NMR  spectrometry?  With  a  good  crystal  structure  one  can  obtain 
accurate  unit  cell  parameters,  atomic  coordinates,  and  bond  distances  and  angles.  In  a 
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concise  description  of  die  technique,  X-rays  record  areas  of  high  electron  density  from 
which  atoms  can  be  located.  So  the  basic  information  obtained  from  such  a  study  is  atomic 
coordinates  from  which  we  Obtain  bond  distances,  bond  angles,  dihedral  angles,  ring 
planarity,  and  atomic  thermal  factors  which  describe  die  dynamics  die  atoms  are 
experiencing.  If  unit  cell  information  is  included,  close  packing  diagrams  and  interatomic 
distances  and  angles  are  obtained.  This  information  is  important  to  both  synthetic  and 
theoretical  chemists  whom  are  designing  other  systems.  For  example,  the  polymers 
poly(paraphenylene  sulfide)  PPS,  poly(paraphenylene  vinylene)  PPV,  and 
poly(paraphenylene  bisthiophene)  PPBT  are  being  considered  for  their  NLO  and 
conduction  properties.  Structural  information  about  para  substituted  phenyl  units  is 
important  to  optimize  die  molecular  geometry  in  order  to  achieve  die  desired  pect,  whether 
it  be  x  election  conjugation  or  structural  strength.  Our  work  on  the  pendant  PPP  oligomers 
has  been  published  elsewhere  and  in  this  repost  is  recent  findings  on  the  crystal  structures 
and  phase  transitions  of  the  n on-substituted  PPP  oligomers  p-quinquephenyl  (PQP),  p- 
sexiphenyl  (PSP),  and  p-sepdphenyl  (PSeptiP). 


EXPERIMENTAL  METHODS 


Preprint  1 


Simples  of  PQP,  PSP,  and  PSeptiP  were  obtained  from  Bruce  Reinhardt  of  the 
Polymer  Branch  in  polyoystalline  form.  The  simples  were  further  purified  by  sublimation 
in  order  to  obtain  single  crystals  suitable  for  structure  determination.  Density 
measurements  were  made  by  flotation  in  solvent  mixtures  containing  dichloromethane  (p  * 
1316  g/cxn3)  and  methanol  (p  « 1.0  g/cm3). 

Crystals  were  selected  from  representative  samples,  discriminating  on  the  basis  of 
size  and  well  defined  crystal  faces.  They  were  observed  under  crossed  polarized  filters  to 
determine  extinction  boundaries.  Single  crystals  when  viewed  under  crossed  polarized 
filters  are  birefringent  and  when  rotated  on  the  microscope  stage  will  go  completely  dark  at 
some  angle  of  rotation.  Crystals  not  meeting  this  criteria  were  rejected  as  being  twinned  or 
polycrystalline  aggregates.  Good  crystals  were  mounted  on  glass  fibers  using 
cyanoacrylate  adhesive,  the  fibers  were  inserted  into  standard  brass  or  stainless  steel  pins 
and  die  pins  mounted  into  goniometers,  for  X-ray  analysis. 

Upon  mounting  the  goniometer  on  the  Enraf-Nonius  CAD4  diffractometer  and 
centering  the  crystal  in  the  X-ray  beam,  a  rotation  photograph  was  taken  using  two 
complete  rotations  of  die  crystal.  Observation  of  this  photograph  usually  revealed: 

a)  if  the  crystal  diffracted  well  enough  and  far  enough  out  in  die  20  range  to  collect  a 
suitable  data  set  for  structure  determination  and 

b)  if  the  bearp  collimator  needed  to  be  changed  so  that  the  cross-section  of  the  X-ray 
beam  matched  the  crystal  size. 

Automatic  search  routines  for  strong  diffraction  peaks  were  initiated  on  crystals 
which  showed  promise.  Once  a  suitable  unit  cell  was  found,  reflection  data  sets  were 
collected  on  the  CAD4  interfaced  to  a  DEC  Micro  FDP-1 1  computer.  Data  sets  collected  at 
room  temperature  (approximately  22°C)  were  followed  by  low  temperature  data  sets  (1 10  K 
or  -163°C).  The  crystal  was  cooled  to  low  temperature  using  the  Enraf-Nonius  FR558 
Liquid  Nitrogen  Cryostat 

Raw  reflection  data  were  copied  onto  a  VAX  1 1/730  computer  and  processed  using 
software  in  tire  Structure  Determination  Package  (SDP)34.  Structure  solutions  were  found 
by  the  software  MULTAN  1 1/8235  and/or  SHELXS-8636  and  were  subsquently  refined  by 
full  matrix  least-squares  treatment  of  all  non-hydrogen  atoms.  Hydrogen  atoms  were 
placed  in  idealized  positions  since  subsequent  isotropic  refinement  of  hydrogen  atoms  did 
not  yield  appreciably  better  results  due  to  tire  reduced  data-to-parameter  ratio. 

The  temperature  programmable  Enraf-Nonius  FR553  Guinier-Simon  camera 
equipped  with  another  Enraf-Nonius  FR558  Liquid  Nitrogen  Cryostat  was  used  to  obtain 
variable  low  temperature  structural  data  on  PQP,  PSP,  and  PSeptiP.  The  moving 
filmAamping  temperature  option  on  the  camera’s  controller  facilitates  the  determination  of 
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structural  transitions.  Differential  scanning  calorimetry  (DSC)  measurements  were 

performed  on  a  Dupont  910  apparatus  interfaced  with  an  Omnitherm  35053  three  module 
controller. 


RESULTS 
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Table  II  summarizes  the  crystallographic  and  data  collection  parameters,  and  final 
refinement  results  for  the  structures  determined  at  room  temperature.  Complete  data  sets 
could  not  be  collected  at  low  temperature  due  to  problems  with  the  crystals.  Space  group 
and  unit  cell  information  for  the  room  and  low  temperature  polyphenyls  are  summarized  in 
Table  m.  Experiments  are  in  progress  to  obtain  better  structural  data  for  the  low 
temperature  structures  of  PQP,  PSP,  and  PSeptiP. 

Figure  4  shows  the  PQP  molecule  with  the  carbon  atoms  of  the  asymmetric  unit 
labelled.  Tables  IV  and  V  contain  the  atomic  positions,  bond  distances  and  bond  angles 
respectively.  Figure  5  shows  a  stereoview  of  the  crystal  packing  in  the  unit  cell.  PSP  is 
shown  in  Figure  6  with  die  carbon  atoms  of  the  asymmetric  unit  labelled.  Atomic  positions 
are  in  Table  VI  and  bond  distances  and  angles  are  contained  in  Table  VII.  The 
stereodrawing  of  die  crystal  packing  within  die  unit  cell  is  shown  in  Figure  7. 

The  PSeptiP  molecule  with  the  carbon  atoms  of  the  asymmetric  unit  labelled  is  shown 
in  Figure  8.  Atomic  positions,  bond  distances  and  bond  angles  are  presented  in  Tables 
VHI  and  IX,  respectively.  Reflection  data  far  PSeptiP  were  not  of  sufficient  quality  to 
refine  all  of  the  carbon  atoms  anisotropically.  Figure  9  depicts  a  stereoview  of  the  crystal 
packing  in  the  unit  cell. 

Literature  reports  PPP  to  be  infusible4,  but  for  comparison  purposes  its  theoretical 
melting  point  has  been  determined  to  be  1020  K  by  the  extrapolation  of  experimental 
melting  points  of  PPP  oligomers  (see  Figure  10).  Using  similar  methods,  extrapolated 
melting  points  of  620  K  and  1260  K  have  been  reported  for  poly  (tetrafluoroethylene)37 
and  Kevlar38,  respectively.  It  should  be  noted  that  these  polymers  mentioned  above  are 
expected  to  degrade  before  reaching  these  theoretical  melting  points.  Extrapolations  of  this 
kind  are  based  on  melting  point  depression  association  with  end  group  concentration  in 
polymers.39  An  extrapolated  crystal  density  of  1.36  g/cm3  has  been  calculated  (see  Figure 
11)  using  experimental  densities  from  crystalline  oligomer  model  compounds.  This 
theoretical  density  is  smaller  than  that  measured  for  PBO  and  PBT  (1.65  and  1.69  g/cm3, 
respectively)  which  is  consistent  with  calculations13  that  PPP  fibers  would  have  a  lower 
modulus  since  modulus  is  directly  proportional  to  density.  However  the  force  constant,  K, 
which  is  derived  from  the  energy/strain  curve  fit,  is  larger  for  PPP  than  for  PBO  or  PBT 
malting  PPP  more  resistant  to  strain.  Indeed,  calculations13  on  PPP  indicate  that  it  will  not 
fail  with  up  to  15%  tensile  strain  and  3%  compressive  strain. 


TABLE  II 

Crystallographic  Data 
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NAME 

p-Quinquephenyl 

p-Sexiphenyl 

p-Septiphenyl 

Formula 

C30H22 

C36H26 

C42H30 

FW 

382.51 

458.61 

534.70 

Melting  Point,  °C 

388 

437 

468 

Crystal  System 

Monoclinic 

Monoclinic 

Monoclinic 

Space  Group 

P2j/c 

P2i/c 

P2i/c 

Z 

2 

2 

2 

22.056(4) 

26.241(5) 

30.65(2) 

b,A 

5.581(1) 

5.568(1) 

5.564(3) 

c,A 

8.070(1) 

8.091(3) 

8.056(5) 

a," 

90.0 

90.0 

90.0 

97.91(1) 

98.17(2) 

100.57(5) 

Y.° 

90.0 

90.0 

90.0 

Volume^3 

982.9(5) 

1170.2(8) 

1350.1(8) 

Density^,  g/cm3 

1.292 

1.302 

1.315 

Density^  gfan3 

1.291 

1.288 

1.311 

Crystal  Dimensions, 
mm 

0.29x0.28x0.05 

0.35x0.50x0.05 

0.10x0.10x0.50 

Crystal  Shape 

Flat  Plate 

Rectangular  Plate 

Needle 

Cell  Determined 

25  Reflections 

25  Reflections 

25  Reflections 

- 

9#<29<360 

9°<28<25® 

9°<20<36O 

Radiation 

Mo  (graphite) 

Mo  (graphite) 

Mo  (graphite) 

Scan  Type 

u/2Q 

uv70 

cc/26 

Scan  Rate,  Vmin. 

1.27-5.49 

1.27-5.49 

1.27-5.49 

"  t).8(r^0.34T8Ho 

'  O.olrvj4jaa<7 

olid 

45KV/20ma 

4.00mm 


45KV/20ma 

4.00mm 


45KV/20ma  g>reprtnl  1 
4.00mm 


Power 
Detector  Apeture 


Check  Reflections 

3every  200refL 
12°<26<24e 

3every  200refL 
12c<26<240 

3  every  200  refl. 
22°<26<260 

Orientation 

Reflectioos 

3  every  2  hrs. 
16°<26<36e 

3  every  2  hrs. 
18°<26<24# 

3  every  2  hrs. 
22°<26<260 

Temperature,  °C 

22 

22 

22 

26  Range,9 

2-50 

2-50 

2-50 

Data  Collected, 
h.k,l 

±31,0-7,  ±11 

±31, 0-6,  ±9 

0-36,  ±6,  ±9 

Total  Number  of 
Reflections 

5776 

4593 

3188 

Unique  Number  of 
Reflections  >30 

663 

623 

527 

Number  of 
Parameters  Varied 

136 

163 

73 

Average  Decay 
Correction 

1.006 

1.004 

1.004 

Absorption 

Coefficient.cm'1 

0.7 

0.7 

0.7 

Absorption 

Correction 

none 

none 

none 

R 

0.050 

0.062 

0.067 

RW 

0.060 

0.091 

0.074 

Maximum  Shift/error 
in  final  cycle 

0.03 

0.01 

0.01 

XU. 


Su iy 
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TABLE  IV 

Positional  Parameters,  Equivalent  Isotropic  Thermal  Factors,  and 
Their  Estimated  Standard  Deviations  for  p-Quinquephenyl 


Atom  _ 

* 

V 

z 

biB(A2) 

C3 

0.3384(2) 

•0.1788(9) 

0.2567(5) 

4.1(1) 

C4 

0.3163(2) 

0.0007(8) 

0.3521(4) 

2.63(8) 

C7 

0.2515(2) 

0.0042a) 

0.3830(4) 

2.71(8) 

C8 

0.2115(2) 

-0.1726(9) 

0.3206(6) 

5.1(1) 

C9 

0.1511(2) 

-0.1737(8) 

0.3475(5) 

4.8(1) 

CIO 

0.1263Q) 

-0.002(K7) 

0.4393(4) 

2.62(8) 

Cll 

0.1663(2) 

0.1751(9) 

0.5007(6) 

4.8(1) 

C12 

0.2267(2) 

0.1775(9) 

0.4743(5) 

5.0(1) 

C13 

0.0614(2) 

-0.0037a) 

0.4698(4) 

2.59a) 

C14 

0.0204(2) 

-0.1789(8) 

0.4079(5) 

4.6(1) 

C15 

0.0397(2) 

0.1773(9) 

0.5622(5) 

4.3(1) 

Cl 

0.4390(2) 

-0.0065(9) 

0.2967(5) 

4.1(1) 

C2 

0.3989(2) 

-0.1807(9) 

0.2300(5) 

4.6(1) 

C6 

0.4180(2) 

0.1739(9) 

0.3906(5) 

4.4(1) 

HI 

0.481 

-0.012 

0.281 

5.4* 

H2 

0.413 

-0.302 

0.162 

6.0* 

H3 

0.312 

-0.302 

0.209 

5.3* 

H5 

0.343 

0.299 

0.485 

5.5* 

H6 

0.445 

0.297 

0.436 

5.4* 

H8 

0.226 

-0.301 

0.260 

6.6* 

H9 

0.125 

-0.298 

0.298 

6.2* 

Hll 

0.152 

0.304 

0.562 

6.1* 

H12 

0.253 

0.302 

0.523 

6.9* 

H14 

0.034 

-0.297 

0.337 

5.8* 

HIS 

0.066 

0.305 

0.601 

5.1* 

Starred  atoms  were  refined  isotropically. 

Anisotropically  refined  atoms  are  given  in  die  form  of  die  isotropic  equivalent 
displacement  parameter  defined  as:  (4/3)[a2B11  +  +  c2B33  +  ab(cos  “^Bi^ 

+  ac(cos  p)Bi3  +  bc(cos  COB23] 
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TABLE V 

Bond  Distances  (A)  and  Bond  Angles  (*)  for  p-Quinquephenyl 


Atom  1  Atom  2  Distance  Atom  1  Atom  2  Distance  Atoml  At_om_2_  Distance 


C3 

C4 

1.392(6) 

CIO 

C13 

1.482(5) 

C8 

C9 

1376(6) 

C3 

C2 

1.378(6) 

Cll 

C12 

1373(6) 

Cl 

C2 

1374(6) 

C3 

H3 

0.950(4) 

Cll 

Hll 

0.950(5) 

C8 

H8 

0.951(5) 

C4 

C5 

1.386(6) 

C12 

H12 

0.951(4) 

Cl 

C6 

1379(7) 

C4 

C7 

1.481(5) 

C13 

C14 

1.378(6) 

C9 

CIO 

1372(6) 

C5 

C6 

1.388(6) 

C13 

C15 

1380(6) 

Cl 

HI 

0.951(4) 

C5 

H5 

0.951(5) 

C14 

Cl  5' 

1378(6) 

C9 

H9 

0.951(4) 

Cl 

C8 

1.372(6) 

C14 

H14 

0.950(5) 

a 

H2 

0.950(5) 

Cl 

C12 

1.376(6) 

C15 

H15 

0.950(4) 

C6 

H6 

0.950(4) 

CIO 

Cll 

1.373(6) 

C15 

04* 

1.378(6) 

Atom  1  Atom  2 

Atom  3 

Anele 

Atojnl 

Atom  2 

Atom  3 

Angle 

C4 

C3 

C2 

120.7(4) 

C12 

Cll 

Hll 

117.8(4) 

C4 

C3 

H3 

120.3(4) 

Cl 

02 

Cll 

122.8(5) 

C2 

C3 

H3 

119.1(4) 

a 

02 

H12 

118.4(4) 

C3 

C4 

C5 

117.7(3) 

Cll 

02 

H12 

118.8(5) 

C3 

C4 

Cl 

121.3(3) 

CIO 

03 

04 

122.8(4) 

C5 

C4 

Cl 

121.0(4) 

CIO 

03 

05 

119.9(3) 

C4 

C5 

C6 

121.4(4) 

C14 

03 

05 

117.3(4) 

C4 

C5 

H5 

119.1(4) 

C13 

04 

05’ 

122.0(4) 

C6 

C5 

H5 

119.5(4) 

C13 

04 

H14 

117.7(4) 

C4 

Cl 

C8 

120.9(4) 

C15' 

04 

H14 

120.2(4) 

C4 

Cl 

C12 

124.3(4) 

C13 

05 

04' 

120.8(4) 

C8 

Cl 

C12 

114.9(4) 

C13 

05 

H15 

119.0(4) 

Cl 

C8 

C9 

122.1(4) 

04' 

05 

H15 

120.1(4) 

Cl 

C8 

H8 

119.4(4) 

a 

Cl 

C6 

119.1(4) 

C9 

C8 

H8 

118.5(4) 

C2 

Cl 

HI 

120.7(4) 

C8 

C9 

CIO 

123.2(5) 

C6 

Cl 

HI 

120.3(4) 

C8 

C9 

H9 

118.3(5) 

C3 

C2 

Cl 

121.1(4) 

CIO 

C9 

H9 

118.4(4) 

C3 

C2 

H2 

119.5(4) 

C9 

CIO 

Cll 

114.6(4) 

Cl 

C2 

H2 

119.3(5) 

C9 

CIO 

C13 

123.4(4) 

C5 

C6 

Cl 

120.0(4) 

Cll 

CIO 

C13 

122.1(4) 

C5 

C6 

H6 

119.9(5) 

CIO 

Cll 

C12 

122.6(4) 

Cl 

C6 

H6 

120.2(4) 

CIO 

Cll 

Hll 

119.6(4) 

Numbers  in  parentheses  are  estimated  standard  deviations  in  the  least  significant  digits. 
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TABLE  VI 


Positional  Parameters,  Equivalent  Isotropic  Thermal  Factors  and 
Their  Estimated  Standard  Deviations  forp-Sexiphenyl 


£tOg^ 

X 

V 

z 

B(A2) 

Cl 

0.0276(2) 

0.007(1) 

,0.0409(6) 

2.5(1) 

C2 

0.0620(2) 

-0.174(1) 

0.0066(8) 

4.5(2) 

C3 

0.1117(3) 

-0.174(1) 

0.0849(8) 

4.5(2) 

C4 

0.1321(2) 

0.001(1) 

0.1953(6) 

1.6(1) 

C5 

0.0982(2) 

0.179(1) 

0.2214(8) 

3.9(2) 

C6 

0.0456(3) 

0.179(2) 

0.1529(9) 

5.7(2) 

C7 

0.1875(3) 

-0.008(1) 

0.2729(7) 

3.6(2) 

C8 

0.2220(3) 

-0.181(2) 

0.2399(9) 

5.4(2) 

C9 

0.2696(2) 

-0.178(1) 

0.3188(8) 

4.4(2) 

CIO 

0.2910(2) 

0.002(1) 

0.4253a) 

3.1(1) 

Cll 

0.2569(3) 

0.175(1) 

0.4563(9) 

5.3(2) 

C12 

0.2051(2) 

0.173(1) 

0.3828(9) 

4.6(2) 

C13 

0.3443(2) 

0.001(1) 

0.5074(7) 

2.7(1) 

C14 

0.3781(2) 

-0.174(1) 

0.4752(8) 

4.1(2) 

CIS 

0.4320(2) 

-0.177(2) 

0.5448(9) 

4.7(2) 

C16 

0.4488(3) 

0.003(2) 

0.6560(9) 

5.3(2) 

C17 

0.4149(3) 

0.179(2) 

0.6951(9) 

4.9(2) 

C18 

0.3661(2) 

0.183(1) 

0.6192(8) 

3.4(1) 

H2 

0.052 

-0.296 

-0.074 

5.2* 

H3 

0.133 

-0.304 

0.064 

5.6* 

H5 

0.111 

0.314 

0.286 

4.5* 

H6 

0.023 

0.293 

0.189 

7.1* 

H8 

0.212 

-0.293 

0.153 

6.8* 

H9 

0.290 

-0.316 

0.310 

5.7* 

HU 

0.270 

0.306 

0.525 

6.5* 

H12 

0.182 

0.293 

0.411 

5.8* 

H14 

0.365 

-0.306 

0.408 

5.8* 

H15 

0.455 

0.291 

0.510 

5.1* 

H16 

•  0.484 

0.005 

0.707 

6.4* 

H17 

0.426 

0.295 

0.779 

6.6* 

H18 

0.345 

0.316 

0.639 

4.2* 

Starred  atoms  were  refined  isotropically. 

Anisotropically  refined  atoms  are  given  in  the  form  of  die  isotropic  equivalent 
displacement  parameter  defined  as:  ♦  c2B33  +  *b(cos 

+  ac(cos  P)Bi3  +  bc(cos  COB23] 
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TABLE  YD 

Bond  Distances  (A)  and  Bond  Angles  (°)  for  p-Sexiphenyl 
1  Atom2  Distance  Atom  1  Atom 2  Distance  Atom  1  Atom2  Distance 


Cl 

Cl* 

1306(6) 

C9 

H9 

0.951(7) 

cs 

H5 

0.950(6) 

Cl 

C2 

1.41(1) 

CIO 

Cll 

1.36(2) 

C16 

C17 

139(1) 

Cl 

C6 

1.36(2) 

CIO 

C13 

1.461(8) 

C6 

H  6 

0.951(9) 

C2 

C3 

1.366(9) 

cu 

C12 

1.40(1) 

C16 

H16 

0.950(8) 

C2 

H2 

0.951(7) 

cu 

Hll 

0.950(7) 

a 

C8 

1.38(2) 

C12 

H12 

0.950a) 

C17 

C18 

1.339(8) 

C9 

CIO 

1.386(9) 

C3 

C4 

1.378(8) 

C13 

C14 

1.37(1) 

a 

C12 

1.38(1) 

C3 

H3 

0.950(7) 

C13 

C18 

1.426(9) 

C17 

H17 

0.951(8) 

C4 

C5 

1.366(8) 

C14 

C15 

1.446(9) 

C8 

C9 

1321(9) 

C4 

C7 

1.501(8) 

C14 

H14 

0.950(7) 

C18 

H18 

0.950(7) 

C15 

C16 

1.38(2) 

C8 

H8 

0.950(8) 

C15 

H15 

0.951(8) 

C5 

C6 

1.413(9) 

Atom  1  Atom  2  Atom  3  Angle  Atom  1  Atom  2  Atom  3  Angle 


Cl' 

Cl 

C2 

118.7(6) 

C8 

C9 

H9 

1173a) 

Cl* 

Cl 

C6 

123.5(6) 

CIO 

C9 

H9 

117.0(6) 

C2 

Cl 

C6 

117.8(5) 

C9 

CIO 

Cll 

114.0(6) 

Cl 

C2 

C3 

120.2(6) 

C9 

CIO 

C13 

123.7a) 

Cl 

C2 

H2 

121.0(6) 

Cll 

CIO 

C13 

122.1(6) 

a 

C2 

H2 

118.7(7) 

CIO 

Cll 

C12 

122.5a) 

C2 

C3 

C4 

124.0(7) 

CIO 

Cll 

Hll 

117.3(6) 

C2 

C3 

H3 

118.1(7) 

C12 

Cll 

Hll 

120.2a) 

C4 

C3 

H3 

117.9(6) 

Cl 

C12 

Cll 

119.8a) 

C3 

C4 

C5 

1143(5) 

Cl 

C12 

H12 

120.2(6) 

C3 

C4 

Cl 

120.8(5) 

Cll 

C12 

H12 

120.0(8) 

C5 

C4 

Cl 

124.9(5) 

CIO 

C13 

C14 

121.5(6) 

C4 

C5 

C6 

124.1(6) 

CIO 

C13 

C18 

123.8(6) 

C4 

C5 

H5 

117.6(5) 

C14 

C13 

C18 

114.7(5) 

C6 

C5 

H5 

118.3(6) 

C13 

C14 

C15 

123.9(6) 

Cl 

C6 

C5 

119.3a) 

C13 

C14 

H14 

117.7(6) 

Cl 

C6 

H6 

120.3(6) 

C15 

C14 

H14 

118.4a) 

C5 

C6 

H6 

120.3(8) 

C14 

C15 

C16 

117.0a) 

C4 

Cl 

C8 

1243(6) 

C14 

C15 

H15 

121.7a) 

C4 

Cl 

C12 

117.6a) 

C16 

C15 

H15 

121.4(6) 

C8 

Cl 

C12 

117.9(6) 

C15 

C16 

C17 

120.3a) 

C7 

C8 

C9 

119.9a) 

C15 

C16 

H16 

119.4(8) 

Cl 

C8 

H8 

119.0(6) 

C17 

C16 

H16 

120.3(8) 

C9 

C8 

H8 

120.9(8) 

C16 

C17 

C18 

120.7(8) 
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Bond  Angles  (°)  for  P-Sexiphenyl  (Continued) 


Atom  1 

Atom  2 

Atom3 

Anele 

Atom  1 

Atom  2 

Atom  3 

Angle 

C8 

C9 

CIO 

125.7a) 

C16 

C17 

H17 

119.9(6) 

C18 

C17 

H17 

119.4a) 

03 

C18 

C17 

123.3a) 

C13 

C18 

H18 

117.9(5) 

C17 

C18 

H18 

118.8a) 

Numbers  in  parentheses  are  estimated  standard  deviations  in  die  least  significant  digits. 
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TABLE  Vm 


Positional  Parameters,  Equivalent  Isotropic  Thermal  Factors  and 
Their  Estimated  Standard  Deviations  for  P-Septiphenyl 


^tOg^ 

X  V 

* 

_  B(A2) 

Cl 

0.044  0301 

0.480 

2.1 

C2 

0.028 

0.323 

0368 

4.4 

C3 

0.016 

0.681 

0.411 

3.8 

C4 

0.092 

0302 

0.457 

2.1 

C5 

0.121 

0.320 

0324 

4.3 

C6 

0.166 

0.318 

0303 

3.6 

Cl 

0.182 

0.504 

0.415 

2.6 

C8 

0.153 

0.677 

0.345 

4.1 

C9 

0.109 

0.677 

0.366 

4.3 

CIO 

0.2289(2) 

0.497(2) 

0.3923(9) 

2.8(2) 

Cll 

0.259 

0.322 

0.456 

5.0 

C12 

0.302 

0.321 

0.437 

4.7 

C13 

0.3196(2) 

0301(2) 

0.3504(9) 

2.4(2) 

C14 

0.290 

0.674 

0.284 

5.1 

C15 

0.246 

0.673 

0.303 

4.8 

C16 

0.3664(2) 

0.500(2) 

0.327(1) 

2.4(2) 

C17 

0.3966(3) 

0.324(2) 

0.401(1) 

4.0(2) 

C18 

0.4406(3) 

0.326(2) 

0.384(1) 

5.1(3) 

09 

0.4563(3) 

0305(2) 

0.293(1) 

3.6(2) 

C20 

0.4267(3) 

0.680(2) 

0.219(1) 

4.7(3) 

C21 

0.3828(2) 

0.683(2) 

0.236(1) 

43(2) 

H5 

0.115 

0.212 

0.606 

5.1* 

H6 

0.186 

0.215 

0.591 

4.2* 

H8 

0.164 

0.808 

0.268 

4.4* 

H9 

0.097 

0.811 

0.321 

4.6* 

Hll 

0.252 

0.219 

0336 

5.3* 

H12 

0.324 

0311 

0.518 

5.0* 

H14 

0.297 

0.812 

0.202 

5.0* 

H15 

0.227 

0.808 

0.235 

5.1* 

H17 

0.386 

0.197 

0.462 

4.3* 

H18 

0.460 

0301 

0.432 

53* 

H19 

0.487 

0308 

0382 

4.5* 

H20 

0.437 

0.805 

0.155 

4.5* 

H21 

0.363 

0.808 

0.188 

4.4* 

H3 

0.0297 

0.8067 

0.3196 

4.0* 

H2 

0.047 

0.197 

0.647 

4.0* 

Starred  atoms  were  refined  isotropically. 

Anisotropically  refined  atoms  are  given  in  die  form  of  die  isotropic  equivalent 
displacement  parameter  defined  as:  (4/3X*tei4  +  ^2^  +  ^833  +  ab(cos  y)Bi,2 
♦  ac(cos  p)Bi3  4  bc(cos  0)823] 


TABLE IX 

Bond  Distances  (A)  and  Bond  Angles  (°)  for  P-Septiphenyl 
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I 


ktoml  Atom  2  Distance 


AtomlAtoni^^gstanw^ _ ^22LL^22l2— £iSS2£i 


Cl 

C2 

1.361(9) 

CU  Hll 

0.92(1) 

C8 

C9  1.39(1) 

Cl 

C3 

1.369(9) 

C12  C13 

1.389(9) 

C18 

H18  0.95(2) 

Cl 

C4 

1.522(9) 

C12  H12 

1.043(9) 

C8 

H8  1.06(2) 

C2 

H2 

1.046(9) 

C13  C14 

1.360(9) 

C19 

C20  1.40(1) 

C3 

H3 

1.150(9) 

C13  C16 

1.49(2) 

C9 

H9  0.88(1) 

C4 

C5 

1.38(2) 

C14  C15 

1.38(2) 

C19 

H19  0.951(8) 

C4 

C9 

1.36(2) 

C14  H14 

1.06(2) 

CIO 

Cll  1.366(9) 

C5 

C6 

1.41(2) 

C15  H15 

1.06(2) 

C20 

C21  1.38(1) 

C5 

H5 

0.94(2) 

C16  C17 

1.40(1) 

CIO 

C15  1.38(1) 

C6 

a 

1.39(1) 

C16  C21 

1.40(1) 

C20 

H20  0.96(2) 

C6 

H6 

1.03(1) 

C17  C18 

1.38(1) 

Cll 

C12  1.36(2) 

C7 

C8 

1.36(1) 

C17  H17 

0.96(2) 

C21 

H21  0.950(9) 

C7 

CIO 

1.489(8) 

Cl  8  C19 

1.38(1) 

C2 

C3'  1.394(8) 

C3 

C2' 

1.394(8) 

Atom  1  Atom  2 

Atom  3 

Anele 

Atom  1  Atom  2 

Atom  3 

Antfe 

Cl 

C2 

C3' 

121.9(6) 

Cl 

C3 

C2* 

119.6(6) 

C2 

Cl 

C3 

118.5(9) 

Cll 

CIO 

C15 

114.1(5) 

C2 

Cl 

C4 

121.3(5) 

CIO 

Cll 

C12 

123.7(4) 

C3 

Cl 

C4 

120.2(4) 

CIO 

Cll 

Hll 

119.3(4) 

Cl 

C2 

H2 

126.7(4) 

C12 

Cll 

Hll 

115.3(4) 

Cl 

C3 

H3 

115.1(4) 

Cll 

C12 

C13 

122.2(3) 

Cl 

C4 

C5 

120.5(3) 

Cll 

C12 

H12 

117.3(3) 

Cl 

C4 

C9 

121.7(3) 

C13 

C12 

H12 

118.3(3) 

C5 

C4 

C9 

117.7(3) 

C12 

C13 

C14 

114.7(5) 

C4 

C5 

C6 

121.1(5) 

C12 

C13 

C16 

122.5a) 

C4 

C5 

H5 

123.6a) 

C14 

C13 

C16 

122.8(8) 

C6 

C5 

H5 

113.9(8) 

C13 

C14 

C15 

122.7(4) 

C5 

C6 

Cl 

120.0(4) 

C13 

C14 

H14 

123.8(3) 

C5 

C6 

H6 

113.8(3) 

C15 

C14 

H14 

113.1(3) 

C7 

06 

H6 

122.3(3) 

CIO 

C15 

C14 

122.7(3) 

C6 

Cl 

C8 

117.7(3) 

CIO 

C15 

H15 

123.3(3) 

C6 

Cl 

CIO 

119.2(4) 

C14 

C15 

H15 

114.0(4) 

C8 

Cl 

CIO 

123.0(4) 

C13 

C16 

C17 

122.0(8) 

Cl 

C8 

C9 

121.7(8) 

C13 

C16 

C21 

120.7(8) 

Cl 

C8 

H8 

117.5(8) 

C17 

C16 

C21 

117.2a) 

C9 

C8 

H8 

120.7a) 

C16 

C17 

C18 

122.2(9) 

C4 

C9 

C8 

121.6(9) 

C16 

C17 

H17 

118.7(8) 

C4 

C9 

H9 

131.5(8) 

C18 

C17 

H17 

119.1(9) 

C8 

C9 

H9 

106.6(9) 

C17 

Cl  8 

C19 

120.3(9) 
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Bond  Angles  (°)  far  P-Septiphenyl  (Continued) 


Atom  1 

Atom  2 

Atom  3 

Anele 

Atom  1 

Atom  2 

Atom  3 

Angle 

C7 

CIO 

CU 

124.5C7) 

C17 

C18 

H18 

120(2) 

C7 

CIO 

C15 

1213a) 

C19 

C18 

H18 

119.4(8) 

C18 

C19 

C20 

118.3(8) 

C21 

C20 

H20 

118.0(9) 

C18 

C19 

H19 

120.5(9) 

C16 

C21 

C20 

119.6(8) 

C20 

C19 

H19 

121.3(9) 

C16 

C21 

H21 

119.3(8) 

C19 

C20 

C21 

122.4(9) 

C20 

C21 

H21 

122(1) 

C19 

C20 

H20 

119.5(8) 

Numbers  in  parentheses  are  estimated  standard  deviations  in  the  least  significant  digits. 
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The  unit  cell  parameters  of  the  n  ■  5,  6,  and  7  polyphenyl  aeries  (where  n  is  the 
number  of  phenyl  units  in  the  molecule)  agree  well  with  the  n  *  2, 3,  and  4  oligomers, 
namely  biphenyl,  p-terphenyl,  and  p-quiterphenyl,  allowing  for  space  group 
transformations  as  shown  in  Table  IIL  The  a  cell  parameter  is  increased  by  approximately 
4.14  A  with  the  addition  of  a  phenyl  group  to  die  end  of  the  molecule,  which  is  less  than 
the  length  of  the  phenyl  structural  unit  (approximately  4.3  A).  Direct  alignment  with  the 
long  axis  of  the  unit  cell  is  difficult  to  achieve  and  a  structural  anomaly  is  predicted  to  occur 
such  as  a: 

( i )  Phenyl  ring  deformation  (drain  compression  or  expansion), 

(ii)  Molecular  axis  linear  deviation  (chain  bending  or  kinks),  and 

( iii )  Cell  axis  alignment  deviation  (chain  tilting). 

Simple  observation  of  the  stereoviews  of  the  oligomers  in  Figures  5, 7,  and  9  reveals 
that  the  molecular  axis  is  tilted  away  from  the  long  crystallographic  axis.  Biphenyl40,  p* 
terphenyl41,  and  p-quateiphenyl42  also  possess  this  anomaly.  Figure  12  presents  different 
views  of  PSeptiP  showing  how  the  molecules  align  parallel  to  the  ac  or  (010)  plane  and  the 
setting  angle  6  as  the  angle  the  benzene  planes  of  the  "averaged"  oligomer  make  with  the  ac 
(010)  plane  of  the  unit  cell.  Figure  12  also  shows  the  molecular  axes  intersecting  with  the 
ab  (001)  and  be  (100)  planes  defining  an  intersection  angle  CD  and  respectively.  This 
angular  data  is  tabulated  below  in  Table  X  and  shown  in  Figure  13. 

TABLE X 


Intersection  Angles  and  Setting  Angles  for  p-Polyphenyls 


COMPOUND 

CD,  ±0.3° 

6,  ±  0.3° 

6,  ±0.3° 

Biphenyl 

22.5 

56 

72.5 

p-teiphenyl 

19 

57 

73 

p-quaterphenyl 

11.5 

56.5 

73 

p-quinquephenyl 

9.5 

56.5 

73 

p-sexiphenyl 

26 

55 

71 

p-septiphenyl 

6.5 

57 

72.5 
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Figure  13.  Intersection  angles  to  and  +  and  the  setting  angled  for  p-Polyphenyls. 


FPP  polymer  has  beat  determined43  to  have  0  *  57°  by  incorporating  the  setting 
angle  into  the  data  refinement  and  defining  the  molecular  axes  to  be  perpendicular  to  the 
(100)  plane  and  parallel  to  the  (010)  and  (001)  planes.  The  average  setting  angle  of  56.3  ± 
0.3°  observed  for  die  PPP  oligomers  agrees  very  well  with  that  derived  for  the  polymer. 
The  intersection  angle  6  remains  relatively  stable  at  approximately  72  ±  0.3°  and  does  not 
appear  to  approach  90°  defined  for  PPP.  The  intersection  angle,  co,  however,  fluctuates 
with  oligomer  chain  length.  With  p-sexiphenyl  being  the  exception,  co  decreases  with 
oligomer  drain  length  approaching  a  value  of  zero  defined  for  PPP.  At  this  time  it  is  not 
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dear  as  to  why  PSP  does  not  fit  the  data  trend.  Perhaps  PSP  exists  ax  a  polymorph  and 
changing  the  conditions  of  crystallization  will  influence  die  crystal  structure.  p-Sexiphenyl 
has  been  suggested44  to  be  good  model  compound  for  PPP  due  to  highly  similar  X-ray 
Photoelectron  Spectroscopy  (XPS)  spectra.  We  report  that,  structurally  speaking,  p- 
sexiphenyl,  possessing  the  maximum  co  of  26°,  is  a  poor  model  for  die  polymer. 

PQP,  PSP,  and  PSeptiP  all  possess  a  crater  of  symmetry  making  one  half  of  the 
molecule  identical  to  die  other.  Observations  of  edge-on  drawings  of  the  oligomers  (see 
Figure  14)  confirmed  by  a  calculation  of  die  angles  between  die  atoms  making  up  the 
molecular  axis  (see  Table  XI)  revealed  that  die  oligomers  are  straight  Interestingly 
enough,  the  largest  deviation  is  again  with  p-sexiphenyl  with  a  3.6°  kink  between  phenyl 
rings  3  and  4  (at  the  asymmetric  point)  and  a  33°  kink  between  phenyl  rings  2  and  3  setting 
the  terminal  phenyl  ring  as  1. 

The  C-C  bond  distances  within  and  between  the  phenyl  rings  of  PQP,  PSP,  and 
PSeptiP  all  agree  quite  well  with  expected  values.  The  endocydic  bond  angles  of  the  chain 
axis  carbon  atoms  are  less  than  the  expected  120°,  which  is  consistent  with  the  lower 
oligomer  structures38"40.  This  narrowing  of  die  benzene  ring  would  make  the  overall 
oligomer  or  polymer  slightly  longer  dun  expected  from  calculation  making  direct  alignment 
with  the  long  crystallographic  axis  difficult  p-Sexiphenyl,  once  again,  has  the  widest 
range  of  these  endocyclic  bond  angles  varying  from  114.0°  to  120.3°.  The  other  bond 
angles  agree  well  with  the  expected  values.  In  summary,  out  of  the  three  structural 
anomalies  predicted  to  occur,  anomalies  ( i )  and  ( iii )  are  the  largest  and  probably  the  most 
important  factors  in  accounting  for  the  discrepancy  between  the  the  calculated  and  observed 
unit  cell  parameters. 

Fining  all  of  the  carbon  atoms  to  a  least-squares  plane  reveals  that  for  the  zoom 
temperature  structure  of  the  oligomer  all  of  the  phenyl  rings  lie  in  the  same  plane  (see 
Figure  14).  This  planar  structure  is  thought  to  be  die  averaged  structure  of  all  the  rotational 
degrees  of  freedom  belonging  to  the  phenyl  units  of  PPP  oligomers.  Measurements  of 
libadonal  tensors  for  the  lower  oligomers41  reveal  that  the  rings  do  have  a  high  degree  of 
torsional  motion.  The  largest  deviation  from  die  oligomer  plane  was  0.05  A  for  C9  of 
PSeptiP.  Measurement  of  inter-ring  torsion  angles  confirmed  this  averaged  planarity  in 
PQP,  PSP,  and  PSeptiP.  PPP  conformations  simulated  in  die  absence  of  crystal  packing 
forces13  have  the  rings  perpendicular  to  each  other  and  calculations  on  a  trimet43  indicate 
inter-ring  torsion  angles  of  approximately  50°.  This  suggests  that  constraints  within  the 
unit  cell  are  strong  enough  to  overcome  die  ortho  hydrogen  repulsion.  A  double  well 
potential46  exists  as  a  result  of  the  competition  of  these  two  forces. 

The  oligomers  in  this  study  pack  in  a  herringbone  (non-parallel)  structure47  also 
observed  in  the  lower  oligomers  and  calculated  to  occur  in  the  polymer.  No  close 
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Table  XI 

Angles  O  Between  Molecular  Axis  Carbon  Atoms 


Tables 

Angles 

Cl-C4-d^  “ 

i?9i 

C4-C7-C10 

178.5 

PQP 

C7-C10-C13 

179.5 

C10-C13-C13' 

178.7 

Cr-Cl-C4 

176.4 

C1-C4-C7 

178.2 

PSP 

C4-C7-C10 

177.6 

C7-C10-C13 

178.3 

C10-C13-C16 

178.0 

C1-C1-C4 

179.6 

C1-C4-C7 

179.8 

C4*C7*C10 

178.2 

PSeptiP 

C7-C10-C13 

178.0 

C10-C13-C16 

179.2 

C13-C16-C19 

178.1 

\  /  \ 

13 - 10  7 4  1 

/  \_y  w 

PQP  Asymmetric  Unit 


w  w  w 


19  16- 

w 


PSP  Asymmetric  Unit 

/  \  /  \ 

-13  10 7  4 

v_/  v_y 

PSeptiP  Asymmetric  Unit 


molecular  interactions  of  any  significance  are  found,  the  closest  one  being  (C2)-C1~H6  at 
2.9  A  and  90®  (the  Cl -H6  distance  is  2.6  A)  occurring  in  p-sexiphenyl. 


Structural  Transitions 
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Low  temperature  (110  K)  structure  determinations  for  PQP,  PSP,  and  PSeptiP  are 
currently  underway.  Research  done  on  die  lower  polyphenylf4**50  have  discovered  that  a 
structural  transition  occurs  such  that  the  "avenged"  structure  observed  at  room 
temperature  changes  to  a  nonplanar  configuration  at  lower  temperature.  The  low 
temperature  unit  cell  is  a  superstructure  of  the  room  temperature  unit  cell  with  the 
parameters  b  and  c  approximately  doubled  to  account  for  tire  greater  displacement  of  the 
nonplanar  molecule.  The  temperatures  of  these  transitions  are  presented  in  Table  ID  and 
are  plotted  in  figure  15  along  with  die  melting  points  of  the  PPP  oligomers  up  to  p- 
octiphenyL 


figure  15.  PlM  of  transition-(--#--}  and  melting  point  4- w  •)  vs.  oligomer  length  (n). 

Error  bars  at  n  »  5  -  7  indicate  temperature  range  for  observed  transition. 


Preliminary  experiments  on  PQP,  PSP,  and  PSeptiP  have  produced  very  interesting 
results  which  we  are  in  the  process  of  confirming.  Information  from  Figure  15  suggests 
that  die  transition  temperatures  for  PQP,  PSP,  and  PSeptiP  to  be  above  room  temperature, 
but  the  room  temperature  structures  are  planar  and  DSC  measurements  indicate  that  no 
transitions  occur  until  the  vicinity  of  the  melting  point  is  reached.  Upon  cooling  to  1 10  K, 
both  PQP  and  PSP  tingle  crystals  index  to  unit  cells  slightly  larger  than  the  room 
temperature  unit  cells.  After  approximately  one  day,  a  structural  transition  occurs  to  a 


snonoclinic  unit  cell  where  b  and  c  are  approximately  doubled  from  die  original  unit  cell. 
PSeptiP  transformed  to  an  orthorhombic  unit  cell  with  b  and  c  approximately  doubled  from 
the  original  unit  cell  within  die  time  it  took  die  software*!  find  25  strong  reflections  and 
index  them  -  approximately  1  to  2  hours.  Unfortunately,  it  has  not  been  possible  yet  to 
resolve  die  low  temperature  reflection  data  to  a  structure  or  space  group  verification. 

We  believe  these  oligomers  to  have  a  time  dependent  phase  transition.  DSC 
measurements  taken  on  polycrystalline  samples  cooled  to  -140°C  at  a  rate  of  10°C/min. 
show  no  transition.  Low  temperature  X-ray  photographs  cooling  as  low  as  -130°C  and 
holding  the  sample  there  for  as  long  as  five  days  shows  no  transition  taking  place.  We 
conclude  that  the  transition  temperature  must  exist  between  these  two  temperatures 
(between  143  and  1 10  K)  as  indicated  in  Figure  IS  by  the  error  bars  and  is  time  dependent 
This  transition  temperature,  being  much  lower  than  die  other  polyphenyls  and  to  have  a 
time  dependency,  could  be  explained  by  a  non-first  order  phase  transition  such  that  is 
observed  far  biphenyl48*51  far  which  a  soft  mode  exists  below  its  transition  temperature. 

DSC  measurements  on  PQP,  PSP,  PSeptiP,  and  p-ocdphenyl  (POP),  shown  in 
Figure  16a-d,  respectively,  indicate  that  the  samples  undergo  transitions  around  the  melting 
point  which  have  been  attributed  to  liquid  crystal  transitions.  PQP  (Figure  16a)  shows  a 
small  peak  at  418°C  probably  indicating  die  nematic  -4  isotropic  transition  after  die  melting 
point  at  388°C  in  total  agreement  with  previous  reports.34*36  PSP  (Figure  16b)  likewise 
shows  good  agreement  with  previous  research34*52  with  peaks  at  410°,  440°,  and  474°C 
probably  indicating  a  high  temperature  crystal  -4  crystal  transition,  crystal  -4  smectic  phase 
transition,  and  a  smectic  -+  nematic  phase  transition.  We  observe  a  higher  temperature  for 
the  crystal  -*  crystal  transition  than  that  reported  by  Wunderlich,  et  al..17  Unfortunately 
decomposition  of  the  sample  did  not  permit  the  observation  of  the  nematic  -4  isotropic 
phase  transition  .34*52  The  DSC  of  PSeptiP  (Figure  16c)  shows  three  peaks  at  420°,  473°, 
and  486°C  probably  indicating  a  crystal  -4  crystal  transition,  crystal  -4  smectic  phase 
transition,  and  a  smectic  -4  nematic  phase  transition  in  the  same  manner  as  PSP. 
Wunderlich,  et  al.53  reports  a  smectic  -4  nematic  transition  at  534°C  which  is  approximatly 
50°  higher  than  what  we  observe.  Ibis  discrepancy  can  not  be  explained  at  this  time.  POP 
(Figure  16d)  shows  two  peaks  probably  indicating  a  smectic  -4  nematic  transition  at  510°C 
after  the  melting  point  (sharp  peak  at  489°C).  Sample  decomposition  did  not  permit  going 
to  higher  temperatures  for  PSeptiP  and  POP.  Single  crystals  of  POP  are  attempting  to  be 
grown  in  order  to  perform  a  structure  determination  completing  this  series. 

Our  findings  are  plotted  next  to  published  values34*53  in  Figure  17. 
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Figure  17.  Plot  of  high  temperature  liquid  crystal  phase  transitions  for 
PPP  oligomers  n=  4  -  8. 

If  PSeptiP  and  POP  follow  the  examples  of  the  lower  polyphenyls,  the  nematic  — »  isotropic 
transitions  could  be  as  high  as  700°  and  800°C  for  PSeptiP  and  POP,  respectively.  These 
temperatures  are  much  higher  than  thermal  decomposition54  will  allow  stability  to  the 
polymer  and  any  practical  use  of  the  mesophase  region  will  require  special  containments 
such  as  high-pressure,  inert  atmosphere  cells. 

Also  the  plot  indicates  that  a  high  temperature  phase  transition  exists  between  the 
crystal  — » crystal  transition  and  the  melting  point  In  addition  is  die  low  temperature  phase 
transition  mentioned  earlier  (see  Figure  IS).  Nuclear  magnetic  resonance  (NMR) 
studies55*56  in  this  temperature  range  indicate  that  the  phenyl  rings  undergo  180°  flips  along 
the  molecular  axis  for  the  amorphous  phase.  The  rate  of  flipping  is  rapid  at  room 
temperature  and  increases  dramatic  V  as  the  temperature  rises.  At  low  temperature  die  rate 
of  ring  flips52  decreases  to  about  20  -  30°  and  the  low  temperature  cell  and  structure 
predominates. 

Slow  scan  rates  (10°Cftnin.)  were  used  primarily  to  obtain  accurate  melting  point 
data.  Decomposition,  which  is  so  common  with  the  polyphenyls,  may  be  preventing  the 
observation  of  many  liquid  crystal  transitions.  Additional  DSC  experiments  using  a  faster 
scan  rate  and  pressurized  containers  are  suggested  in  hopes  of  fully  studying  the  phase 
transitions  of  the  higher  polyphenyls. 


CONCLUSIONS 
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The  higher  oligomers  of  PPP  follow  the  same  pattern  as  foe  lower  oligomers 
previously  studied.  The  unit  cell  parameters  are  very  similar  with  foe  exception  of 
crystallographic  axis  a  increasing  with  oligomer  length  to  accomodate  foe  growing  chain. 
All  foe  oligomers  have  similar  space  groups,  bond  distances  and  bond  angles.  linear, 
planar  molecular  structures  are  observed  in  all  but  foe  beningbone  crystal  structures  are 
very  different  The  longer  even  numbered  oligomers  are  shewed  in  the  unit  cell  much  more 
than  the  longer  odd  numbered  oligomers.  The  setting  angle  for  foe  oligomers  match  that  of 
PPP  polymer. 

Low  temperature  transitions  for  PQP,  PSP,  and  PSepdP  exist  between  1 10  K  and 
140  K  and  are  time  dependent,  but  detailed  molecular  structures  could  not  be  resolved  nor 
could  a  transition  temperature  be  pinpointed,  liquid  crystal  transition  states  were  observed 
but  due  to  sample  decomposition  at  temperatures  above  500 °C  need  to  be  studied  further. 
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General  Displacement  Parameter  Expressions,  IPs,  for  P-Quinquepbenyl 
Name  U(l.l)  Uf2.2)  Uf3.3)  Ufl.2)  U(1.3)  Uf2.3) 

ci  o.o36a)  0.062a)  o.o58a)  o.oo8a)  o.ona)  0.003a) 

C2  0.048a)  0.054a)  0.074a)  -0.007a)  0.008a)  -0.013a) 

a  0.037a)  0.059a)  0.063a)  0.001a)  0.015a)  -0.013a) 

C4  0.028a)  0.041a)  0.031a)  aoosa)  0.0040)  0.004a) 

C5  o.o46a)  0.053a)  0.060a)  -0.015a)  0.011a)  -0.014a) 

C6  0.039a)  0.06!  a)  0.069a)  -0.012(3)  0.013(2)  -0.005(3) 

C7  o.o36a)  0.032a)  0.033a)  -o.oioa)  -o.ooia)  0.002a) 

C8  0.035a)  0.060(3)  0.105(3)  0.005a)  0.036a)  -0.033(3) 

C9  0.053(2)  0.050a)  0.082a)  -0.010a)  0.014a)  -0.044a) 

CIO  0.045a)  0.026a)  0.028(2)  -0.014(2)  0.001(2)  -0.002(2) 

Cll  0.034(2)  0.058(3)  0.096(3)  0.002(3)  0.027(2)  -0.032(3) 

C12  0.051(2)  0.054(2)  0.086(3)  -0.012(3)  0.018(2)  -0.044(2) 

C13  0.028(2)  0.042(2)  0.029(1)  0.015(2)  0.006(1)  0.003(2) 

C14  0.056(2)  0.048(2)  0.069(3)  -0.022(3)  0.007(2)  -0.034(2) 

C15  0.024(2)  0.055(2)  0.087(3)  -0.016(2)  0.019(2)  -0.021(3) 


The  farm  of  the  anisotropic  displacement  parameter  is: 
exp(-2n2{h2a2Uj,i  +  lftPUiZ  *  l2c2U33  +  2hkabUi,2  +  2hlacUi3 
+  2klbcU23)]  where  a,b,  and  c  are  reciprocal  lattice  constants. 
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Appendix  A 


General  Displacement  Parameter  Expressions,  Us,  for  p-Sexiphenyl 


Name 

un.n 

U(12> 

U(3J1 

Ufl.21 

U(1.3) 

U(2.3) 

Cl 

0.017(3) 

0.049(3) 

0.030(3) 

-0.001(3) 

0.010(3) 

mmmmmamm 

-0.000(3) 

C2 

0.041(4) 

0.060(4) 

0.064(5) 

-0.020(4) 

-0.014(4) 

-0.027(4) 

C3 

0.0S8(4) 

0.044(4) 

0.064(4) 

0.029(4) 

-0.007(4) 

•0.028(4) 

C 4 

0.015(3) 

0.012(3) 

0.036(3) 

0.001(2) 

0.017(2) 

0.000(3) 

cs 

0.032(3) 

0.027(3) 

0.086(5) 

0.014(3) 

0.001(4) 

-0.032(4) 

C6 

0.048(5) 

0.079(5) 

0.083(6) 

•0.009(5) 

•0.009(4) 

-0.042(5) 

C7 

0.059(4) 

0.048(4) 

0.026(3) 

•0.008(4) 

•0.005(3) 

•0.001(4) 

C8 

0.043(4) 

0.076(5) 

0.085(5) 

0.007(4) 

0.003(4) 

-0.037(5) 

C9 

0.029(4) 

0.053(4) 

0.081(5) 

0.007(4) 

0.002(4) 

-0.031(4) 

CIO 

0.032(4) 

0.051(4) 

0.031(3) 

•0.011(4) 

-0.007(3) 

0.006(4) 

Cll 

0.046(4) 

0.074(4) 

0.076(5) 

0.027(4) 

-0.013(4) 

-0.045(4) 

C12 

0.029(4) 

0.055(4) 

0.085(5) 

0.002(4) 

-0.011(4) 

-0.018(5) 

C13 

0.045(4) 

0.025(3) 

0.032(3) 

0.005(3) 

0.010(3) 

0.009(3) 

C14 

0.051(4) 

0.049(4) 

0.053(4) 

0.029(4) 

-0.009(4) 

-0.005(4) 

CIS 

0.038(4) 

0.065(4) 

0.070(5) 

0.014(4) 

-0.008(4) 

-0.010(5) 

C16 

0.074(5) 

0.070(5) 

0.053(4) 

0.014(5) 

-0.007(4) 

0.008(5) 

C17 

0.049(4) 

0.071(5) 

0.060(5) 

-0.004(5) 

-0.013(4) 

-0.006(5) 

C18 

0.026(3) 

0.047(4) 

0.054(4) 

0.010(3) 

0.004(3) 

-0.014(4) 

The  form  of  the  anisotropic  displacement  parameter  is: 
expl-2jc2{h2a2Uu  +  +  l2c2U33  +  2hkabUu  +  2hlacUij 

+  2klbcU23)]  where  a,b,  and  c  axe  reciprocal  lattice  constants. 
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General  Displacement  Parameter  Expressions,  Us,  for  P-Scptiphenyl 
Name  Ufl.l)  Uf2^  Utt.31  Ufl.2)  U(1.3)  UQ.3) 
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Cl 

0 

0 

0 

0 

0 

0 

C2 

0 

0 

0 

0 

0 

0 

C3 

0 

0 

0 

0 

0 

0 

C4 

0 

0 

0 

0 

0 

0 

C5 

0 

0 

0 

0 

0 

0 

C6 

0 

0 

0 

0 

0 

0 

C7 

0 

0 

0 

0 

0 

0 

C8 

0 

0 

0 

0 

0 

0 

C9 

0 

0 

0 

0 

0 

0 

CIO 

0.029(5) 

0.062a) 

0.014(4) 

0.003(6) 

•0.001(4) 

0.003(6) 

Cll 

0 

0 

0 

0 

0 

0 

C12 

0 

0 

0 

0 

0 

0 

C13 

0.024(4) 

0.047(6) 

0.019(4) 

-0.006(5) 

0.002(4) 

0.006(5) 

C14 

0 

0 

0 

0 

0 

0 

CIS 

0 

0 

0 

0 

0 

0 

C16 

0.036(5) 

0.019(5) 

0.037(5) 

-0.002(5) 

0.006(4) 

-0.009(5) 

C17 

0.037(5) 

0.055a) 

0.064(6) 

0.007(6) 

0.025(4) 

0.013a) 

CIS 

0.059a) 

0.081(9) 

0.054(6) 

0.0140) 

0.014(5) 

0.020a) 

C19 

0.020(4) 

0.07(K7) 

0.052(5) 

0.005(6) 

0.020(4) 

-0.004a) 

C20 

0.052(6) 

0.072(8) 

0.056a) 

-0.0020) 

0.016(5) 

0.014a) 

C21 

0.030(5) 

0.060a) 

0.077a) 

•0.019(6) 

0.024(4) 

0.011a) 

The  form  of  the  anisotropic  displacement  parameter  is: 
exp[-2x2{h2a2uw  +  kVU^  + 1^33  +  2hkabUj,2  +  2hlacUu 
4  2klbcU23)]  where  a,b,  and  c  arc  reciprocal  lattice  constants. 


Preprint  2 


(C)-H  -O  INTERACTIONS  IN  NITROANILINE 
DERIVATIVES 


Kenneth  N.  Baker  and  Albert  V.  Fratini 
Department  of  Chemistry,  University  of  Dayton,  300  College  Park,  Dayton, 

OH  45469-2357 

W.  Wade  Adams 

Materials  Laboratory,  Wright  Research  and  Development  Center,  WPAFB,  OH 

45433-6533. 

David  A.  Gtossie 

Department  of  Chemistry,  Wright  State  University,  Dayton  OH,  45435 


ABSTRACT 

The  design  of  organic  second  order  nonlinear  optical  (NLO)  materials  depends  on  factors 
such  as  the  nature  and  position  of  substituents  on  the  aromatic  ring  and  the  hydrogen  bonding 
patterns  of  donor  and  acceptor  groups.  In  order  to  investigate  the  effect  of  alkyl  substitution  on 
the  amino  group  and  placemen*  of  bulky  groups  on  the  aromatic  ring  of  nitroaniline  derivatives, 
the  crystal  structures  and  unit  cell  packing  of  2-[2-(N-methylamino)-5- 
nitrophenyllbenzothi  azole,  2-  [  2  -(N  ,N  -dim  ethylamino)-5  -nitrophenyl  1-benzothiazole , 
2-[2-(N,N-diethylamino)-5-nitrophenyllbenzothiazole,  and  2-(trimethylsilylcthynyl)-4-nitro- 
N,N-dimethylaniline  have  been  determined.  In  all  four  compounds,  alkyl  groups  attached  to  the 
amino  nitrogen  atom  prevent  die  formation  of  intetmolecular  hydrogen  bonds  between  amino 
and  nitro  groups.  Instead,  the  molecules  exhibit  (C)-H— O  intetmolecular  interactions  between 
the  nitro  group  and  the  hydrogen  atoms  on  the  aromatic  ring  and  alky!  groups.  Two  distinct 
types  of  packing  -  herringbone  patterns  and  planar  stacks  -  are  observed,  with  the  closest 
interactions  associated  with  the  planar  stacks.  The  dialkyiamino  substituents  extend  above  and 
below  the  molecular  plane, which  is  comprised  of  essentially  coplanar  ring  systems. 
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INTRODUCTION 


The  current  emphasis  in  designing  second  order  nonlinear  optical  materials  is  to  combine 
election  conjugation,  polarizability,  and  acentridty  into  a  molecular  solid.  Polymers  are  very 
good  candidates  for  die  first  requirement  because  of  their  extensive  x  electron  conjugation. 
Nitroaniline  derivatives  (2Hnethylnitroaniline,  and  2-roefe)dnitrometfaylanilinea,  for  example), 
having  conjugation  and  polarizability,  are  known  to  exhibit  strong  x®  optical  nonlinearities. 
Quite  often  compounds  that  have  die  former  factors  crystallize  in  a  morphology  that  includes  a 
center  of  symmetry,  negating  die  effects  of  conjugation  and  polarizability  and  nullifying  the  %0> 
response.  In  order  to  increase  our  knowledge  of  die  factors  that  influence  die  x8*  susceptibility 
of  an  organic  material,  a  aeries  of  compounds  were  synthesized  and  subjected  to  x-ray 
crystallographic  analysis.  This  series  includes:  2-[2-{N,N-dimethylamiro)-5-nitrophenyl]- 
benzothiazole,  I;  2-[2<N-methyl-amino)-5-nitrophenyl]-benzothiazole,  2;  2-[2-(NJ^-diethyl- 
amiiw)-5-nitrophenyl]-benzothiazole,  3;  and  2Ktrm^ylsflylediynyl>4-nitn)-N^-dimethylaniline> 
4. 


Each  of  die  four  compounds  crystallizes  in  a  centric  lattice  which  rfwmMtM  a  second  order 

» 

NLO  response,  hi  spite  of  their  similarities,  die  compounds  exhibit  two  types  of  padring  motifs 
and  have  some  interesting  dose  contacts  that  are  different  from  those  nonnally  found  in 
nitroanilii)es.,a4 
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EXPERIMENTAL 

The  compounds  were  synthesized  by  Bruce  Reinhardt,  Materials  Laboratory,  WPAFB. 
Suitable  crystals  were  selected  from  bulk  crystalline  samples  and  observed  under  crossed 
polarizing  filters  to  determine  extinction  boundaries.  Single  crystals  were  mounted  using 
cyanoacrylate  adhesive  onto  glass  fibers  attached  to  long  Huber  pins  and  inserted  into  arcless 
goniometer  heads.  The  crystals  were  centered  cm  a  Enraf-Nonlus  CAD4  diffractometer  for  data 
collection  and  rotation  photographs  taken  to  judge  how  well  each  crystal  diffracts.  Reflection 
data  were  transferred  to  a  VAX  1 1/730  computer  for  further  analysis  using  SDP/VAX5.  Space 
group  identification  was  accomplished  with  the  aid  of  the  computer  program  LOOK6  which 
confirmed  the  systematic  absences  found  in  the  reflection  files.  Structure  solutions  were  found 
using  SHELXS7  or  MULTAN8  and  refined  using  full-matrix  least-squares.  Hydrogen  atoms 
were  placed  in  idealized  locations  calculated  from  geometric  considerations  and  assigned  a  fixed 
C-H  bond  distance  of  0.95A.  Subsequent  isotropic  refinement  of  hydrogen  atoms  did  not 
significantly  improve  the  structure  due  to  the  reduced  data-to-perameter  ratio.  Crystal  data  and 
data  collection  parameters  are  tabulated  in  Table  L 
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RESULTS 

The  molecnler  structures  of  1, 2, 3,  end  4  are  shown  in  Figures  1, 3, 5,  and  7,  respectively, 
with  the  non-hydrogen  atoms  labeled  and  die  hydrogen  atoms  omitted,  except  for  HI  in  2  which 
'forms  an  intramolecular  hydrogen  bond  with  die  nitrogen  atom  of  the  ring.  Tables 

n,  IV,  Vi,  and  Vm  summarise  die  respective  atomic  coordinates.  Bond  distances  and  angles  are 
listed  in  Tables  m,  V,  VII,  IX.  Stereoviews  of  the  molecular  packing  in  die  «ni*  cell  are  shown 
in  Figures  2, 4, 6,  and  8.  The  dose  interactions  in  die  foremenrioned  compounds  are  ■nn*mTira<t 
in  Table  X. 
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DISCUSSION 

AH  four  compounds  reported  here  crystallize  in  centric  space  groups,  thus  eliminating  the 
possibility  of  ^activity.  Two  different  types  of  unit  cell  packing  ait  observed.  Both  of  die 
dialkyl  benzothiazole  derivatives,  1  and  3,  pack  in  die  herringbone  or  non-parallel  motif.  This 
is  die  simplest  type  of  packing  for  poly  aromatic  compounds.10  Compound  1  (see  Figure  2) 
displays  a  more  complex  herringbone  diagram  than  3  (see  Figure  6).  This  is  probably  due  to 
more  restricted  room  in  die  unit  cell  than  is  ideal  to  accommodate  the  bulky  benzothiazole  group 
which  prefers  to  orient  along  die  b  axis.  If  die  C1-C7  bond  (die  bond  connecting  die 
benzothiazole  group  to  die  nhroaniline  root)  is  extended  through  die  molecule,  die  molecules 
-within  die  unit  cell  intersect  at  -115°  and  -146°  for  1  and  3,  respectively.  This  makes  the 
nhroaniline  plane  of  3  to  lie  closer  to  a  crystallographic  face  than  that  of  1.  However,  die 
nhroaniline  plane  is  not  as  important  as  die  nhroaniline  axis  ,  also  called  die  polar  axis.  The 
polar  axis  of  2  is  just  2.5°  off  from  being  in  the  ac  (010)  plane,  whereas  die  polar  axis  of  3  is 
22°  out  of  plane  with  the  (010)  plane.  Moreover,  die  polar  axes  for  both  1  and  3  are  directed 
along  die  c  axis  making  the  c  axis  die  mode  of  charge  carrier  motion. 

Compounds  2  and  4  pack  in  a  layered  motif  as  shown  in  Figures  4  and  8,  respectively. 
Compound  2  is  the  only  one  of  die  four  studied  that  did  not  crystallize  in  a  monoclinic  space 
group.  In  addition,  2  la  also  die  only  compound  out  of  die  four  studied  that  does  not  have  its 
nitioaniliiie  plane  or  polar  axis  directly  related  to  a  crystallographic  plane  or  axis.  The  molecules 
of  4  are  stacked  along  die  c  axis.  The  polar  axis  of  compound  4  is  only  7°  from  being  parallel 
to  die  b  axis  and  is  19°  from  occupying  the  ab  (001)  plane  making  the  b  axis  die  mode  of  charge 
carrier  motion  in  this  case. 

Compound  2  does  not  order  wdl  in  the  unit  cell.  The  molecule  stacks  parallel  to  the  a  axis, 
with  the  molecules  being  tilted  25°  from  being  perfectly  perpendicular  to  die  a  axis.  The 
nhroaniline  plane  is  23°  from  occupying  the  (101)  plane  within  the  unit  cell  (see  Figure  4).  The 
polar  axis  of  die  nhroaniline  moiety  does  not  correspond  well  to  any  crystallographic  axes. 

In  describing  die  molecular  structure,  two  categories  dearly  emerge  -  die  benzothiazole 
derivatives  of  nhroaniline  and  the  silyl  derivative  of  nhroaniline.  The  aromatic  rings  are 
essentially  coplanar  in  die  benzothiazole  derivatives,  with  die  dihedral  angle  between  die 
nhroaniline  and  die  benzothiazole  rings  systems  of  5.1,  0.4,  and  5.6°,  for  I,  2,  and  3, 
respectively.  More  noticable  deviations  are  found  when  examining  the  amino  and  nhro  groups. 
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The  dialkylamino  groups  tom  relative  to  the  nitroanfline  plane  so  that  amino  cexbon  atoms  extend 
oat  of  fee  nitroanilinc  plane  in  order  to  maximize  the  distance  between  them  end  the  sulfur  atom 
of  die  benzothiazole  ring.  Hie  angles  about  the  dialkylaznino  nitrogen  atoms  in  coumpound  1 
and  3  axe  all  within  7.4°  of  the  109.5°  expected  in  an  ideal  sp*  hybridized  atom.  However,  in 
the  metfaylamino  function  of  compound  2,  the  methyl  group  is  coplanar  with  die  aromatic  ring 
system,  and  the  angles  around  the  nitrogen  atom  are  within  4°  of  120°.  This  indicates  that,  while 
die  dimethyl-  and  diethylamino  groups  of  1  and  3  axe  tetrahedral,  die  metfaylamino  group  of  2 
is  trigonal  planar.  This  change  in  die  configuration  of  die  nitrogen  atom  may  be  traced  to  two 
discrete  factors:  (1)  the  steric  interaction  of  an  alkyl  group  with  die  benzothiazole  sulfur  atom 
?  if  the  nitrogen  is  planar,  and  (2)  the  conjugation  of  die  amino  nitrogen  atom  to  die  aromatic  ring. 
This  latter  factor  is  realized  with  die  observed  shortening  of  die  C2-N3  bond  distance  in  2  vs. 
1  and  3  (1.353, 1.421,  and  1.426  A,  respectively). 

In  the  dialkyl  benzothiazole  derivatives,  compounds  1  and  3,  die  sulfur  atom  is  cis  to  die 
amino  group,  but  is  traru  in  2,  die  monoalkyl  derivative,  via  the  C1-C7  bond.  The  irons 
geometry  observed  in  2  is  probably  due  to  an  intramolecular  hydrogen  bond  forming  with  die 
amino  hydrogen  atom,  HI,  and  die  benzothiazole  nitrogen  atom,  N1  (see  Figure  3).  The 
hydrogen  bond  is  observed  with  a  N-N  contact  of  2.7  A.  In  this  case  of  compound  2,  die 
orientation  in  which  a  hydrogen  bond  can  form  would  be  preferred.  The  cis  orientation  found 
in  die  dialkyl  benzothiazole  derivatives  is  due  to  a  lesser  level  of  steric  repulsion  between  die 
amino  nitrogen  atom  and  the  benzothiazole  sulfur  atom  when  compared  to  die  repulsion  between 
adjacent  nitrogen  atoms  if  a  near  planar  ring  conformation  is  adopted.  Molecular  modelling 
calculations  using  PCMODEL  of  die  two  possible  planar  configurations  for  die  dimethyl 
derivative  indicare  that  die  cis  arrangement  is  more  stable. 

In  die  rilyl  derivative  of  nitxoamline,  die  sOyl  group  intersects  the  benzene  ring  with  an 
angle  of  about  11°.  The  carbon-carbon  triple  bond  deviates  slightly  (»5°)  from  linearity  making 
the  group  slightly  bent.  The  rather  large  thermal  ellipsoids  of  the  three  carbon  atoms  attached 
to  the  silicon  atom  indicate  that  the  C22-Si  bond  is  rotating  rapidly.  The  dimethylamine  group 
is  slighdy  twisted  (*17°)  from  coplanarity  with  die  benzene  ring. 

The  nitro  groups  in  all  four  compounds  are  virtually  identical,  only  differing  in  die  degree 
of  coplanarity  with  the  benzene  ring,  8.29°,  2.45°,  8.49°,  and  2.50°  in  1, 2, 3,  and  4,  respectively. 
The  greater  deviation  for  the  dialky lamino  compounds,  1  and  3,  may  result  from  die  uneven 
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intennolecular  contact  between  the  nitro  oxygen  atoms  and  a  neighboring  molecule. 

ORTEP  diagrams  of  die  dose  interactions  most  resembling  hydrogen  bonds  of  1, 2, 3,  and 
A  are  shown  in  Figures  9  through  12,  respectively.  The  dose  interaction  distances  and  angles 
are  also  presented  in  Table  X.  Although  these  interactions  are  not  dose  enough  to  be  considered 
hydrogen  bonds11,  they  do  influence  the  centricity  and  dose  packing  relationships  discussed 
above. 

Two  types  of  (C)-H—0  interactions  are  observed  involving  1)  hydrogen  atoms  from  die 
aromatic  benzothiazole  ring  system  end  2)  hydrogen  atoms  from  die  alkylamino  group.  The 
shortest  distances  in  all  four  compounds  are  associated  with  the  hydrogen  atoms  of  the 
benzothiazole  ring  and  of  these,  the  most  interesting  occur  with  the  layered  structures  2  and  4. 
These  compounds  appear  to  maintain  die  network  structure  needed  to  propagate  a  charge  over 
large  distances.  All  of  die  benzothiazole  ring  hydrogen  atoms  appear  to  favor  this  interaction 
while  die  majority  of  the  alkylamino  hydrogen  atoms  appear  to  favor  crosslinking  two  parallel 
layers.  This  crosslinking  is  probably  due  to  the  dose  proximity  of  die  molecules  caused  by  the 
screw  axis  of  the  monoclinic  space  group.  c4^31ycineu  also  contains  this  type  of  crosslinking. 
The  C3-H3—02  interaction  seen  in  4  is  the  shortest  observed  and  die  observed  angle  of  154.2° 
is  very  dose  to  152.7°  which  is  the  average  of  59  (C)-H— O  hydrogen  bond  containing 
structures13  found  in  die  Cambridge  Structural  Database14. 

Once  again  2  is  unique  in  this  study  to  have  an  amino  hydrogen  atom  available  (N)-H—0 
interactions.  Interactions  of  this  type  hold  a  great  deal  of  interest  in  this  study3,4  with  die  desire 
to  produce  acentric  materials  through  hydrogen  bonding.  Unfortunately  a  search  for  nearest 
neighbors  revealed  no  oxygen  atoms  within  3.6A  of  die  amino  hydrogen  atom.  Indeed,  die 
amino  hydrogen  atom  forms  a  good  intramolecular  hydrogen  bond  with  die  nitrogen  atom  of  the 
benzothiazole  ring  system  and  with  nothing  else. 
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CONCLUSIONS 

The  frequency  of  (C)-H-"0  contacts  in  substituted  nitroaniline  derivatives  suggests  that  they 
play  a  significant  sole  in  determining  die  packing  arrangement  and  thus  the  observed  centricity 
of  these  structures.  Bulky  substituents,  such  as  and  trimethy lsily  1 ,  in  *Mirinn  to 

being  electron  donors  to  the  nitroaniline  zing,  may  disrupt  die  (N)-H  "0  interaction,  but  no 
definite  effect  on  centricity  is  observed.  The  (C)-H"*0  angle  does  not  correlate  with  die  values 
expected  for  a  typical  hydrogen  bond  when  the  H  -O  contact  is  beyond  2.8A.  A  network  of 
(C)-H  -*0  contacts  is  favored  over  isolated  (C)-H--0  interactions.  Compounds  2  and  4  pack  in 
a  layered  motif  presumably  favored  by  die  extensive  network  of  (C)*H—0  interactions  and  die 
shortest  contacts  are  associated  with  this  layered  motif. 
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Table  I.  Crystal  Data  and  Data  Collection  Parameters 


1 

m 

2 

l 

4 

Formula 

CuHuNAS 

OAtNAS 

CHINAS 

C.jH.AOaSi 

Color 

Biown 

Yellow 

Yellow 

Yellow 

FW 

29935 

2833 

327.41 

26239 

F(000) 

624 

296 

688 

560 

Crystal  Dimensions,  mm 

35  z  .6  z  .88 

.05  x  .15  x  3 

.1  x  .15  x  .75 

3  x  3  x  .6 

Shape 

Diamond 

Rectangular 

Needle 

Rectangular 

Radiation 

MoKa 

MoKa 

MoKa 

MoKa 

WavekngthA 

0.71073  • 

0.71073 

0.71073 

0.71073 

Temperature 

23° 

23° 

23° 

23° 

Crystal  Fonn 

Monodinic 

Triclinic 

Monodinic 

Monodinic 

Space  Group  P2,/n 

Reflections  used  for  cell  constants 

p! 

P2,/n 

P2/C 

number 

25 

23 

25 

23 

6  range 

Gdl  Constants 

15-26 

4-18 

6-18 

6-12 

9.070(1) 

11.956(1) 

7.466(6) 

20358(6) 

bA 

15.432(1) 

4.188(1) 

20.884(2) 

10.444(4) 

cji 

10.147(5) 

3.896(1) 

10.7140) 

7.129(2) 

a,® 

90.0 

9230(1) 

90.0 

90.0 

p.° 

9132Q) 

9030(1) 

109.96(2) 

93.050) 

7* 

90.0 

106.18(1) 

90.0 

90.0 

CeD  Volume  A* 

1419.9(10) 

6343(3) 

1570.1(20) 

1505.9(20) 

Z 

4 

2 

4 

4 

Calculated  Density,  g/cm* 

1.40 

M9 

139 

1.16 

Absorption  Coefficient,  cm'1 

23 

23 

2.1 

13 

Scan  Type 

cd/20 

co/20 

ca/26 

a/20 

Scan  Rale,  *Anin. 

1.0  •  S3 

0.7  -  2.8 

03-53 

037  -  2.79 

Scan  Width 

Range  of  Data 

035  ♦  034tan0 

0.8  +  034tan0 

035  +  034tanB 

13  +  034tan0 

6.* 

0-41 

0-30 

0-30 

0-32 

b 

0/16 

•16/16 

-10/10 

-10/10 

k 

•28/28 

0/19 

0/29 

0/15 

1 

Numerical  Aba. 

•18/18 

•5/5 

-15/15 

0/30 

man.  trani.  coett 

0.9911 

0.9885 

- 

0.9606 

min.  tnms.  coeft 

Reflectiont  Meat. 

0.8541 

0.9446 

* 

0.9329 

Total 

21220 

6094 

9360 

5592 

Unique 

Observed, 

6606 

2979 

4697 

5266 

FoMtXFo3) 

2540 

1888 

2332 

1536 

Averaging  agreement  on  I 

0.016 

0.025 

0.029 

0.044 
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Table  I.  Crystal  Data  and  Data  Collection  Parameters  (continued) 


I  ll 


Panmeten 

231 

225 

276 

164 

R 

0.048 

0.074 

0.042 

0.085 

Rw 

0.055 

0.070 

0.062 

0.108 

s 

1.96 

0.75 

1.45 

2.98 

(A/o)max 

0.08 

0.01 

0.06 

0.01 

(A  )mtx  (e/A*) 

031(6) 

027(5) 

033(5) 

030(5) 

(A  )min  (e/A*) 

-39(6) 

-23(5) 

-25(5) 

-27(5) 
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TfcNe  EL  Positional  Parameters  and  Equivalent  Isotropic  Thermal  Factors  for 
2^2^JNwlimethyiainmo>-5-nitrophenyl3-benzodxia20le 


Atom 

X 

V 

z 

SI 

0.51307(6) 

0.42708(4) 

0.73034(5) 

4.71(1) 

Ol 

1.0399(2) 

0.6326(1) 

13233(2) 

632(4) 

02 

0.8941(2) 

03306(1) 

13831(1) 

6.33(4) 

N2 

0.9408(2) 

03802(1) 

13006(2) 

4.60(4) 

N3 

0.6809(2) 

03698(1) 

0.6909(2) 

4.16(4) 

N1 

039050) 

0.3749(1) 

0.9643(2) 

4.01(4) 

C2 

0.7503(2) 

03724(1) 

0.8178(2) 

3.74(4) 

Cl 

0.7150(2) 

03080(1) 

0.9095(2) 

333(4) 

C6 

0.7791(2) 

03119(1) 

1.0356(2) 

3.48(4) 

C5 

0.8758(2) 

03771(1) 

1.0668(2) 

3.69(4) 

C4 

0.9145(2) 

0.6394(2) 

0.9779(2) 

4.95(5) 

C3 

0.8509(3) 

0.6367(2) 

0.8534(2) 

536(5) 

C14 

0.5976(3) 

0.6464(2) 

0.6582(3) 

10.68(9) 

C15 

0.7759(3) 

03463(2) 

03857(2) 

6.68(7) 

C7 

0.6128(2) 

0.4361(1) 

0.8795(2) 

3.30(4) 

C9 

0.4903(2) 

0.3147(1) 

0.9141(2) 

3.91(4) 

CIO 

0.4443(3) 

03406(2) 

0.9795(3) 

5.48(6) 

Cll 

0.3449(3) 

0.1866(2) 

0.9155(3) 

637(6) 

C12 

0.2916(3) 

03044(2) 

0.7894(3) 

5.73(6) 

C13 

0.3344(2) 

03772(2) 

0.7236(2) 

5.09(5) 

C8 

0.4360(2) 

03328(1) 

0.7876(2) 

4.01(4) 

H6 

0.759 

0.470 

1.091 

137“* 

H4 

0.982 

0.683 

0.997 

3.60 

H3 

0.866 

0.679 

0.796 

430 

H14a 

0323 

0.632 

0387 

7.41 

H14b 

0346 

0.665 

0.739 

730 

H14c 

0.663 

0.694 

0.627 

730 

HISa 

0.718 

0335 

0308 

4.14 

H15b 

0.821 

0399 

0371 

7.98 

H13c 

0.832 

0.493 

0.613 

1038 

H10 

0.472 

0329 

1.067 

3.67 

Hll 

0309 

0.139 

0.962 

433 

H12 

0324 

0.165 

0.747 

3.04 

H13 

0391 

0394 

0.636 

3.41 

-  *AnisotropicaUy  refined  atoms  are  given  in  the  form  of  the  isotropic  equivalent  displacement  parameter 
defined  as:  (4/3Ma*B„  +  b*Ba  ♦  c *B»  ♦  ab(cos  y)Bu  ♦  ac(co*  p)B0  +  bc(cos  o)Bj 


“Hydrogen  atoms  were  refined  isotropically. 
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Table  m.  Bond  Distance*  (A)  and  Bond  Angles  (*)  for  2^2^,NHlime(liyl*mino)3-flitro- 
phenyI]-beiuothiazole 


Atom  1 

Atom  2 

Distance 

Atom  1 

Atom  2 

Distance 

Atom  1 

Atom  2 

EES 1 

SI 

Cl 

1.751(2) 

Cl 

C6 

1394a) 

C6 

H6 

0.873(3) 

SI 

C8 

1.721(2 

Cl 

Cl 

1/474(3) 

C4 

H4 

0.928(3) 

Ol 

N2 

1328(2) 

C6 

C5 

1.367(3) 

C3 

H3 

0.884(3) 

02 

N2 

1^17(2) 

CS 

C4 

1.369(4) 

C14 

H14a 

1.000(2) 

N2 

C5 

1.469(2) 

C4 

C3 

1378(3) 

C14 

H14b 

1.001(2) 

N3 

C2 

1.421(2) 

C9 

CIO 

1391(3) 

C14 

H14c 

0.999(3) 

N3 

C14 

1.438(4) 

C9 

C8 

1393(3) 

CIS 

HISa 

0.951(3) 

N3 

CIS 

1.433(4) 

CIO 

Cll 

1378(4) 

CIS 

HI  5b 

0.927(2) 

N1 

C7 

1.298(2) 

Cll 

C12 

1386(4) 

CIS 

HISc 

1.002(4) 

N1 

C9 

1.388(3) 

C12 

C13 

1367(3) 

CIO 

H10 

0.934(3) 

C2 

Cl 

1.403(3' 

C13 

C8 

1.406(4) 

Cll 

HU 

0.935(2) 

C2 

C3 

1.389(3) 

C12 

H12 

0.956(3) 

C13 

H13 

1.018(4) 

Atom  1 

Atom  2 

Atom  3 

Ancle 

Atom  1 

Atom  2 

Atom  3 

Ancle 

C7 

SI 

C8 

88.94(9) 

06 

CS 

C4 

1223(2) 

Ol 

N2 

02 

123.4(2) 

CS 

Of 

C3 

1183(3) 

Ol 

N2 

CS 

118.1(2) 

C2 

C3 

04 

1213(3) 

02 

N2 

CS 

1183(2) 

SI 

Cl 

N1 

1153(1) 

C2 

N3 

C14 

1133(2) 

SI 

Cl 

Cl 

1233(1) 

C2 

N3 

CIS 

1  IS. 0(2) 

N1 

Cl 

Cl 

1213a) 

C14 

N3 

CIS 

110.9(2) 

N1 

C9 

CIO 

123.1(2) 

Cl 

N1 

C9 

110.7(2) 

N1 

C9 

C8 

1143(2) 

N3 

C2 

Cl 

1183(2) 

CIO 

C9 

C8 

120.1(2) 

N3 

C2 

C3 

122.0(2) 

C9 

CIO 

Cll 

iis.ia) 

Cl 

C2 

C3 

1194(2) 

CIO 

Cll 

C12 

1213(2) 

C2 

Cl 

C6 

118.9(2) 

Cll 

C12 

C13 

12130) 

C2 

Cl 

Cl 

1233(2) 

C12 

C13 

C8 

1173(3) 

C6 

Cl 

Cl 

1173(2) 

SI 

C8 

C9 

110.1(1) 

Cl 

C6 

CS 

119.7(2) 

SI 

C8 

C13 

1283a) 

N2 

C5 

C6 

118.7(2) 

C9 

C8 

C13 

1213a) 

N2 

C5 

04 

1183(2) 

Cl 

C6 

H6 

11730) 

CS 

C6 

H6 

1223a) 

CS 

04 

H4 

1233a) 

C3 

04 

H4 

1184a) 

C2 

C3 

H3 

1173a) 

04 

C3 

H3 

120.7a) 

N3 

C14 

H14a 

1083a) 

N3 

C14 

H14b 

108.0a> 

N3 

C14 

HI  4c 

m.6a) 

H14a 

C14 

H14b 

1093(2) 

H14a 

C14 

H14c 

1093a) 

H14b 

C14 

H14c 

1093a) 

N3 

CIS 

HISa 

1093a) 

N3 

CIS 

HI  5b 

ioo.oa) 

N3 

CIS 

HISc 

1073a) 

H15a 

CIS 

HISb 

1033(2) 

HISa 

CIS 

HISc 

1103a) 

H15b 

CIS 

HISc 

122.7a) 

C9 

CIO 

H10 

1223a) 

Cll 

CIO 

H10 

1193(2) 

CIO 

Cll 

Hll 

ii7.7a) 

C12 

Cll 

Hll 

1204a) 

Cll 

C12 

H12 

119.9a) 

C13 

C12 

H12 

1193(2) 

C12 

C13 

H13 

122.7a) 

C8 

C13 

H13 

1194(2) 
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Table  IV.  Positional  Parameters  and  Equivalent  Isotropic  Thermal  Factors  for 
2-I2-(N-«ttethylamiDo)-5-nitrophepyl]benzo<hiazole 


Atom 

X 

y 

z 

B(A*)‘ 

SI 

0.50343(5) 

0.11315(4) 

03093a) 

2.89(1) 

Ol 

1.0363(2) 

03242(2) 

-0.0363a) 

6.00(6) 

02 

0.9035a) 

0.1869(2) 

-0.0970a) 

5.83(6) 

N2 

0.9365(2) 

02125(2) 

0.0025(7) 

338(5) 

N3 

0.6206(2) 

0.4451(1) 

0.6434(6) 

3.18(5) 

N1 

0.4600a) 

0.2672(1) 

03849(6) 

2.79(4) 

C2 

0.6963(2) 

0.4022(2) 

0.4899(6) 

2.46(5) 

Cl 

0.6615(2) 

0.3004(2) 

0.3845(6) 

2.39(5) 

C6 

0.7423(2) 

03599(2) 

03262a) 

2.71(5) 

C5 

0.8546(2) 

0.3167(2) 

0.1723a) 

2.76(5) 

C4 

0.8895(2) 

0.4150(2) 

03717a) 

3.10(5) 

C3 

0.8117(2) 

0.4571(2) 

0.4274 a) 

3.02(5) 

C14 

0.6527(2) 

03463(2) 

0.7726(8) 

3.61(6) 

C7 

03430(2) 

03376(2) 

0.4399(6) 

2.40(5) 

C9 

0.3579(2) 

0.1902(2) 

03993a) 

2.64(5) 

CIO 

0.2526(2) 

0.1975a) 

0.7348(8) 

3.46(6) 

Cll 

0.1592(2) 

0.1148(2) 

0.7315(8) 

3.80(6) 

C12 

0.1688(2) 

0.0259(2) 

03935(9) 

3.89(6) 

C13 

0.2718(2) 

0.0168(2) 

0.4560(8) 

3.30(6) 

C8 

0.3666(2) 

0.1003(2) 

0.4612a) 

2.63(5) 

H6 

0.722(2) 

0.193(2) 

0.151(6) 

0.7(5)** 

H4 

0.969(2) 

0.450(2) 

033CX7) 

13(6) 

H3 

0.837(2) 

0326(2) 

030ia) 

0.7(5) 

HI 

0350(2) 

0.406(2) 

0.674a) 

1.0(6) 

H14c 

0.712(3) 

0358(2) 

0.959(8) 

2.7a) 

H14a 

0.591(3) 

0359(2) 

0.879(8) 

33(8) 

H14b 

0.680a> 

0390(2) 

0395(8) 

23a) 

H10 

0348a) 

0356(2) 

0.841(7) 

1.0(5) 

HU 

0.086a) 

0.117(2) 

0.828(8) 

1.9(6) 

H12 

0.101a) 

-0.030a) 

0388(8) 

1.9(6) 

H13 

0271(2) 

-0.044a) 

0347a) 

1.8(6) 

*Anisocropically  refined  atoms  are  fiveo  in  the  fora  of  the  isotropic  equivalent  displacement  parameter 
defined  as:  (4/3X**Bn  4  b*Bj,  4  c%»  4  ab(coe  y)Bu  4  ac(coe  p)Bu  4  bc(cos  cOB*,] 

-Hydrogen  atoms  were  refined  isotropically. 
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Table  V.  Bond  Distances  (A)  mi  Bond  Angles  (*)  tor  2-[2^N-4nethylainino)-5-fiitro(dienyl]- 
benzothiazole 


Atom  1  Atom  2  Distance  Atom  1  Atom  2  Distance  Atom  1  Atom  2  Distance 


SI 

C7 

l./'x(2) 

04  C3 

1369(4) 

CS 

04 

1380(3) 

SI 

C8 

1.728(2) 

04  H4 

0.96(2) 

C13 

H13 

0.96(3) 

Ol 

N2 

1227(3) 

C3  H3 

0.97(2) 

C6 

H6 

0.95(2) 

02 

N2 

1215(4) 

C14  H14c 

0.99(3) 

C13 

C8 

1393(3) 

N2 

C5 

1.450(4) 

C14  H14a 

0.90(3) 

C6 

C5 

1382(4) 

N3 

C2 

1353(3) 

C14  H14b 

0.95(3) 

C12 

H12 

0.96(2) 

N3 

C14 

1.449(3) 

C9  CIO 

1395(4) 

Cl 

C7 

1.470(3) 

N3 

HI 

0.89(2) 

C9  C8 

1397(4) 

C12 

C13 

1.382(5) 

N1 

C7 

1.303(3) 

CIO  CU 

1.376(3) 

Cl 

C6 

1390(4) 

N1 

C9 

1.396(3) 

CIO  H10 

0.93(3) 

CU 

HU 

0.96(3) 

C2 

Cl 

1.430(4) 

CU  C12 

1388(4) 

C2 

C3 

1.410(3) 

Atom  1 

Atom  2  Atom  3 

Angle 

Atom  1 

Atom  2 

C7 

SI 

C8 

89.3(1) 

C5 

C4 

H4 

usa) 

Ol 

N2 

02 

123.1(3) 

C3 

04 

H4 

123a) 

Ol 

N2 

C5 

11830) 

C2 

C3 

C4 

1213(2) 

02 

N2 

C5 

119.0(3) 

C2 

C3 

H3 

120(1) 

C2 

N3 

C14 

1233(2) 

C4 

C3 

H3 

119(1) 

C2 

N3 

HI 

U6(2) 

N3 

C14 

H14c 

U2a) 

C14 

N3 

HI 

121(2) 

N3 

C14 

H14a 

1090) 

C7 

N1 

C9 

111.0(2) 

N3 

C14 

H14b 

1110) 

N3 

C2 

Cl 

1213(2) 

H14c 

C14 

H14a 

103(3) 

N3 

C2 

C3 

120.7(3) 

H14c 

C14 

H14b 

no a) 

Cl 

C2 

C3 

1182(2) 

H14a 

C14 

H14b 

Uia) 

C2 

Cl 

06 

119.0(2) 

SI 

C7 

N1 

1152(1) 

C2 

Cl 

C7 

1212(2) 

SI 

C7 

Cl 

1202(2) 

C6 

Cl 

C7 

1192a) 

N1 

C7 

Cl 

12420) 

Cl 

C6 

C5 

120.7a) 

N1 

C9 

CIO 

12530) 

Cl 

C6 

H6 

121(1) 

N1 

C9 

C8 

11430) 

C5 

06 

H6 

119(1) 

CIO 

C9 

C8 

11920) 

N2 

CS 

C6 

119.4(2) 

C9 

CIO 

CU 

118.9(3) 

N2 

C5 

04 

1193a) 

C9 

CIO 

H10 

120(1) 

C6 

CS 

C4 

121.1(2) 

CU 

CIO 

H10 

121(1) 

C5 

C4 

C3 

1193a) 

CIO 

CU 

C12 

1203(3) 

CIO 

Cll 

HU 

121a) 

C12 

C13 

H13 

1220) 

C12 

Cll 

HU 

uoa) 

C8 

C13 

H13 

1210) 

CU 

C12 

C13 

1213(2) 

SI 

C8 

C9 

10920) 

CU 

C12 

H12 

119a) 

SI 

C8 

C13 

12830) 

C13 

C12 

H12 

119a) 

C9 

C8 

C13 

12120) 

C12 

C13 

C8 

U7.7a> 
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Table  VL  Poddocul  Panmeten  and  Equivalent  Isotropic  Thermal  Factor*  for  2-{2-<NJ^-diefliyl- 
atniiK>>S^trophenyl]benzothiaz(de 


Atom 

X 

▼ 

z 

SI 

0.8974(1) 

0.05716(3) 

0.74746(5) 

337(1) 

Ol 

04498(3) 

4)3005(1) 

03461(2) 

5.69(6) 

02 

03576(3) 

•0.1149(1) 

0.1852(2) 

547(5) 

N1 

0.8086(3) 

0.05875(9) 

0.4919(2) 

3.02(4) 

N2 

03325(3) 

•0.1488(1) 

03700(2) 

3.81(5) 

N3 

0.8410(3) 

•0.06865(9) 

0.8046(2) 

2.93(4) 

Cl 

0.7522(3) 

-0.0457(1) 

03682(2) 

2.63(4) 

C2 

0.7556(3) 

-0.0888(1) 

0.6700(2) 

2.66(4) 

C3 

0.6767(4) 

•0.1499(1) 

0.6375(2) 

3.68(5) 

C4 

0.5996(4) 

•0.1694(1) 

03068(2) 

3.73(6) 

C5 

0.6062(3) 

-0.1275(1) 

0.4085(2) 

3.11(5) 

C6 

0.6801(3) 

•0.0670(1) 

0.4362(2) 

2.94(5) 

C7 

0.8152(3) 

0.0212(1) 

03905(2) 

238(4) 

C8 

0.9268(3) 

0.1283(1) 

0.6734(2) 

2.95(5) 

C9 

0.8707(3) 

0.1199(1) 

03360(2) 

2.88(5) 

CIO 

0.8808(4) 

0.1712(1) 

0.4356(2) 

3.75(6) 

Cll 

0.9480(4) 

03292(1) 

03139(3) 

433(6) 

C12 

1.0082(4) 

03367(1) 

0.6513(3) 

4.13(6) 

C13 

0.9967(4) 

0.1869(1) 

0.7322(3) 

4.00(6) 

C14 

1.0506(4) 

-0.0797(1) 

0.8601(3) 

3.74(6) 

C15 

1.1108(4) 

•0.1479(2) 

0.9058(3) 

5.08(8) 

C16 

0.7420(4) 

•0.0859(1) 

0.8963(2) 

3.68(5) 

C17 

03441(4) 

•0.0558(2) 

0.8563(3) 

5.36(8) 

H3 

0.677 

•0.178 

0.707 

53- 

H4 

0343 

-0310 

0.485 

5.3 

H6 

0.681 

•0.039 

0.366 

43 

H10 

0.843 

0.166 

0362 

5.1 

Hll 

0.955 

0365 

0.460 

5.7 

H12 

1.053 

0377 

0.689 

53 

H13 

1.039 

0.192 

0.826 

53 

H14a 

1.083 

•0.069 

0.808 

4.0 

H14b 

1.126 

•0.051 

0.945 

4.0 

HISa 

1.044 

•0.168 

0.862 

4.0 

H15b 

1.169 

•0.134 

0.918 

4.0 

HI  5c 

1.044 

•0.167 

0.972 

4.0 

H16a 

0334 

•0.068 

0.999 

4.0 

HI  6b 

0.709 

•0.134 

0.890 

4.0 

H17a 

0384 

0.034 

0.861 

4.0 

H17b 

0462 

0.081 

0.780 

4.0 

HI  7c 

0301 

0.066 

0.944 

4.0 

*Anl»otropfcany  refined  atom*  are  given  in  die  form  of  the  isotropic  equivalent  dfrplacemeat  parameter 
defined  as:  <4/3X«*B,i  ♦  b*Bfl  +  c%„  +  ab(cot  Y)BU  ♦  ac(cos  0)BU  +  bc(cos  o)B,J 

"Hydrogen  moos  aen  icfined  isotropically. 
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Table  VIL  Bond  Distances  (A)  and  Bond  Angles  (*)  for  2-p-(NJ4-4ietfiylamino>-5*nitio- 
phenyljbenzothuzole 

,  Atom  l  Atom  2  Distance  Atom  1  Atom  2  Distance  Atom  1  Atom  2  Distance 


SI 

C7 

1.751(3) 

C3 

04 

1381(3) 

C12 

H12 

0.951(3) 

SI 

C8 

1.733(2) 

C3 

H3 

0.951(3) 

C13 

H13 

0.951(3) 

Ol 

N2 

1.226(3) 

C4 

C5 

1.382(4) 

04 

05 

1325(4) 

02 

N2 

1316(3) 

C4 

H4 

0.950(3) 

04 

H14a 

0.721(4) 

N1 

Cl 

1304(3) 

C5 

C6 

1371(3) 

04 

HI  4b 

1.069(2) 

N1 

C9 

1387(3) 

06 

H6 

0.950(2) 

05 

H15a 

0.694(3) 

N2 

C5 

1.466(3) 

C8 

C9 

1.397(4) 

05 

H15b 

0.494(4) 

N3 

C2 

1.426(3) 

C8 

C13 

1395(3) 

05 

HI  5c 

1.075(3) 

N3 

C14 

1.490(3) 

C9 

CIO 

1392(4) 

06 

07 

1326(5) 

N3 

C16 

1.462(4) 

CIO 

Cll 

1379(4) 

06 

H16s 

1.140(2) 

Cl 

C2 

1.408(3) 

CIO 

H10 

0.950(2) 

06 

H16b 

1.031(3) 

Cl 

C6 

1.403(3) 

Cll 

C12 

1.393(4) 

07 

H17a 

0344(3) 

Cl 

Cl 

1.466(3) 

Cll 

Hll 

0.950(3) 

07 

HI  7b 

0.994(3) 

C2 

C3 

1.400(3) 

C12 

C13 

1375(5) 

07 

H17c 

1.115(3) 

Atom  1 

Atom  2 

Atom  3 

Ancle 

Atom  1 

Atom  2 

Atom  3 

Angle 

Cl 

SI 

C8 

893(2) 

Cl 

06 

H6 

120.1(2) 

N3 

04 

H14a 

103.1(2) 

N3 

04 

H14b 

1153(2) 

Cl 

N1 

C9 

1113(2) 

C5 

06 

H6 

120.0(3) 

Ol 

N2 

02 

1233(2) 

SI 

07 

N1 

115.1(2) 

05 

04 

H14a 

1133(3) 

05 

04 

H14b 

103.6(2) 

Ol 

N2 

C5 

1173(2) 

SI 

07 

Cl 

123.7(2) 

02 

N2 

C5 

118.7(2) 

N1 

Cl 

Cl 

1213(2) 

H14a 

04 

H14b 

1053(3) 

04 

05 

H15a 

105.9(3) 

C2 

N3 

04 

113.9(3) 

SI 

08 

C9 

109.6(2) 

C2 

N3 

06 

116.9(2) 

SI 

08 

03 

1293a> 

04 

05 

H15b 

72.0(4) 

04 

CIS 

HISc 

T  143(3) 

04 

N3 

06 

1133(2) 

C9 

08 

03 

121.ia) 

C2 

Cl 

06 

118.6(3) 

N1 

09 

C8 

1143(3) 

H15a 

05 

H15b 

1523(7) 

H15a 

05 

H15c 

80.7(4) 

C2 

Cl 

Cl 

1243(2) 

N1 

09 

CIO 

1253(3) 

C6 

Cl 

Cl 

1173(2) 

08 

09 

CIO 

119.7a) 

HI  5b 

05 

H15c 

126.1(4) 

N3 

06 

07 

1113a) 

N3 

C2 

Cl 

118.6(2) 

09 

CIO 

Cll 

119.0(2) 

N3 

C2 

03 

121.7(3) 

09 

CIO 

H10 

1203(2) 

N3 

06 

H16a 

1063(2) 

N3 

06 

H16b 

1113a) 

Cl 

C2 

03 

119.7(2) 

Cll 

CIO 

H10 

120.8(3) 

C2 

C3 

04 

121.1(2) 

CIO 

Cll 

02 

120.9(3) 

07 

06 

HI  6a 

109.9(2) 

07 

06 

HI  6b 

1013(2) 

C2 

C3 

H3 

1193(2) 

CIO 

Cll 

Hll 

1193(3) 

C4 

C3 

H3 

120.0(3) 

02 

Cll 

Hll 

119.6(3) 

H16a 

06 

HI  6b 

115.70) 

06 

07 

H17a 

83.1(3) 

C3 

C4 

05 

1183a) 

Cll 

02 

03 

1203(2) 
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Table  VH  (continued) 


Atom  1 

Atom  2 

Atom  3 

Angle 

Atom  1 

Atom  2 

Atom  3 

Angle 

C3 

C4 

H4 

121.1(3) 

Cll 

C12 

H12 

119-4(3) 

C16 

C17 

H17b 

106.1(3) 

C16 

C17 

H17c 

1023(2) 

C5 

C4 

H4 

120.7(2) 

C13 

C12 

H12 

119.7(3) 

N2 

C5 

C4 

118.90) 

C8 

C13 

C12 

1183a) 

HI  7a 

C17 

H17b 

1343(4) 

H17a 

C17 

H17c 

113.0(4) 

N2 

C5 

C6 

118.9(2 

C8 

C13 

H13 

1203(3) 

C4 

C5 

C6 

1223(3) 

C12 

C13 

H13 

1213(3) 

HI  7b 

C17 

H17c 

108.6(3) 

N3 

C14 

CIS 

1153(2) 

Cl 

C6 

C3 

119.9(2) 
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Xgbie  Vm.  Positional  Parameters  and  Equivalent  laotropic  Tbennal  Factors  for  2-{Trimethylsilyl- 
etbynyl)4^tro-N^-dimedJyianiline 


Atom 

X 

V 

z 

B(A’)‘ 

Si 

0.87838(9) 

0.0253(2) 

0.3013(3) 

6.47(4) 

Ol 

0.6631(2) 

03391(4) 

-0.0576(6) 

73(1) 

02 

03645(2) 

03119(4) 

-0.1628a) 

7.6(1) 

N1 

0.6319(2) 

•0.0613(4) 

-0.0821(6) 

4.9(1) 

N4 

0.6180(2) 

0.4706(4) 

-0.1064(6) 

3.4(1) 

Cl 

0.6430(2) 

0.0688(5) 

-0.0848a) 

3.9(1) 

C2 

0.6973(2) 

0.1524(5) 

-0.0226(6) 

3.6(1) 

C3 

0.6872(2) 

03834(5) 

-0.0340(6) 

3.8(1) 

C4 

0.6277(2) 

0.3328(5) 

-0.1008a) 

4.1(1) 

C5 

0.3735(3) 

03529(5) 

-0.1544a) 

4.6(1) 

C6 

03844(3) 

0.1230(5) 

-0.1444a) 

43(1) 

Cll 

03934(3) 

•0.1428(6) 

-0.1179(9) 

63(2) 

C12 

0.7140(3) 

•0.1266(6) 

-0.105(1) 

6.4(2) 

C21 

0.7575(3) 

0.1112(5) 

0.0714a) 

4.1(1) 

C22 

0.8074(3) 

0.0842(5) 

0.1594(8) 

5.1(1) 

C23 

0.8559(5) 

0.009(1) 

0346(1) 

13.1(3) 

C24 

0.9012(5) 

-0.1239(9) 

0325(2) 

233(4) 

C25 

0.9428(5) 

0.139(1) 

0.307(2) 

18.7(4) 

H3 

0.724 

0.344 

0.006 

5.0 

H5 

0332 

0.290 

-0.199 

5.0 

H6 

0.547 

0.065 

-0.181 

5.0 

HUb 

0358 

-0.119 

•0.023 

5.0 

HUc 

0.606 

4)339 

•0.101 

5.0 

HI  la 

0374 

•0.128 

-0354 

5.0 

Hl2b 

0.730 

-0.172 

0.019 

5.0 

Hi  2c 

0.749 

-0.059 

-0.140 

5.0 

H12a 

0.708 

-0.194 

•0312 

5.0 

H23c 

0.817 

-0.055 

0354 

5.0 

H23a 

0.896 

-0.024 

0.630 

5.0 

H23b 

0.842 

0.099 

0393 

5.0 

H24c 

0.913 

•0.115 

0.085 

5.0 

H24a 

0.942 

•0.159 

0.303 

5.0 

H24b 

0.862 

-0.187 

0334 

5.0 

H23c 

0.967 

0.137 

0.182 

5.0 

H25b 

0.922 

0330 

0326 

5.0 

H25a 

0.976 

0.119 

0.419 

5.0 

"AnisotropfcaUy  refined  atoms  are  given  in  die  form  of  the  isotropic  equivalent  displacement  parameter 
defined  as:  (4/3Xa*B„  +  b*Ba  ♦  c*B„  +  ab(cos  1) Bu  4  ac(cos  P)BU  4  bc(co»  a)B»] 

""Hydrogen  atoms  were  refined  isotropically. 
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Table  DC  Bond  Distances  (A)  and  Bond  Angles  (*)  for  2<Dimetbylsilykethynyl>4-nitio- 
N^-dimettaylaailioe 


Atom  1  Atom  2  Distance  Atom  1  Atom  2  Distance  Atom  1  Atom  2  Distance 


Si 

C22 

1.819(6) 

N4 

04 

1.455(7) 

N1 

C12 

1.447a) 

Si 

C23 

1.832(8) 

Cl 

C2 

1.426(7) 

C21 

C22 

1.195a) 

Si 

C24 

1.72(2) 

Cl 

C6 

1.396(8) 

N1 

CU 

1.471(7) 

Si 

C25 

1.77(1) 

C2 

C3 

1387(7) 

C5 

C6 

1371(8) 

Ol 

N4 

1.227(6) 

C2 

C21 

1.425(7) 

N1 

Cl 

1.368a) 

02 

N4 

1.215(6) 

C3 

C4 

1.373(7) 

04 

C5 

1.385a) 

C3 

H3 

1.000(7) 

C5 

H5 

0.999(6) 

C6 

H6 

1.000a) 

CU 

HI  lb 

1.04(1) 

CU 

Hllc 

1.041(7) 

CU 

HI  la 

1.039(6) 

C12 

H12b 

1.040(6) 

C12 

H12c 

1.040(8) 

C12 

H12a 

1.04tK7) 

C23 

H23c 

1.040(7) 

C23 

H23a 

1.039a) 

C23 

H23b 

1.041(6) 

C24 

H24c 

1.039(6) 

C24 

H24a 

1.039(6) 

C24 

H24b 

1.040(6) 

C25 

H25c 

1.039(6) 

C25 

H25b 

1.041(6) 

C25 

H25a 

1.039(6) 

Atom  1 

Atom  2 

Atom  3 

Angle 

Atom  1  Atom  2  Atom  3  Angle 

C22 

Si 

C23 

109.4(4) 

N1 

Cl 

C6 

119.7(5) 

C22 

Si 

C24 

110.4(4) 

C2 

Cl 

C6 

118.1(5) 

C22 

Si 

C25 

110.1(4) 

Cl 

C2 

C3 

118.9(4) 

C23 

Si 

C24 

1073(5) 

Cl 

C2 

C21 

124.2(4) 

C23 

Si 

C25 

105.2(5) 

C3 

C2 

C21 

116.5(4) 

C24 

Si 

C25 

114.1(5) 

C2 

C3 

C4 

Cl 

N1 

CU 

119.6(4) 

N4 

C4 

C3 

119.7(4) 

Cl 

N1 

C12 

123.8(4) 

N4 

C4 

C5 

119.4(4) 

CU 

N1 

C12 

113.8(4) 

C3 

C4 

C5 

Ol 

N4 

02 

123.4(5) 

C4 

C5 

06 

119.1(5) 

Ol 

N4 

04 

118.0(4) 

Cl 

C6 

C5 

*2553 

02 

N4 

04 

118.6(4) 

C2 

C21 

C22 

N1 

Cl 

C2 

122.1(4) 

Si 

C22 

C21 

173.0(6) 

C2 

C3 

H3 

120.0(4) 

C4 

C3 

H3 

04 

C5 

H5 

119.7(4) 

06 

C5 

H5 

1213(4) 

Cl 

C6 

H6 

119.0(4) 

C5 

C6 

H6 

119.1(5) 

N1 

CU 

HUb 

108.9(5) 

N1 

CU 

Hllc 

HI 

CU 

HUa 

1093(4) 

HUb 

CU 

Hllc 

HUb 

CU 

HI  la 

1093(4) 

Hllc 

CU 

HUa 

N1 

C12 

H12b 

1103(5) 

N1 

C12 

H12c 

108.6(4) 

N1 

C12 

H12a 

H12b 

C12 

H12c 

H12b 

C12 

H12a 

1093(4) 

H12c 

C12 

H12a 

Si 

C23 

H23c 

110.3(4) 

Si 

C23 

H23a 

Si 

C23 

H23b 

107.7(4) 

H23c 

C23 

H23a 

H23c 

C23 

H23b 

109.6(5) 

H23a 

C23 

H23b 

Si 

C24 

107.6(4) 

Si 

C24 

H24a 

1113(5) 

Si 

C24 

H24b 

109.6(4) 

H24c 

C24 

H24a 

1093(4) 

H24c 

C24 

H24b 

1093(5) 

H24a 

C24 

H24b 

109.4(4) 

Si 

C25 

H25c 

110-2(4) 

Si 

C25 

H25b 

108.6(4) 

Si 

C25 

H25a 

109.6(4) 

H25c 

C25 

H25b 

109.4(4) 

H25c 

C25 

H25a 

1093(4) 

H25b 

H2Sa 

1093(4) 
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Table  X. 


Summary  of  Clote  Interactions 


Interaction 

C-O 

I 

H^O 

CIO  •  H10  -  Ot 

3.446  A 

150.47  * 

2.601  A 

CIS  -  H15c  -  Ol 

3.744  A 

16022  * 

2.785  A 

CIS  -  H15c  -  02 

3.458  A 

133.12* 

2.694  A 

C15  -  H15a  -  02 

3384  A 

2 

111.09  ° 

2.818  A 

Cll  -  Hll  -  02 

3342  A 

15439* 

2.652  A 

02  -  H12  -  02 

3.419  A 

11730* 

2.861  A 

03  -  H13  -  02 

3316  A 

125.00* 

2.670  A 

C3  -  H3  -  Ol 

3.535  A 

120.92  * 

2.939  A 

CIO  -  H10  -  Ol 

3.633  A 

128.04* 

2.988  A 

Cll  -  Hll  -  Ol 

2 

3.456  A 

14338* 

2.641  A 

CIS  -  H15c  -  Ol 

3.604  A 

14731  * 

2.765  A 

07  •  H17b  -  02 

3.640  A 

15835* 

2.739  A 

05  -  H15a  -  Ol 

3.823  A 

117.90  * 

3384  A 

05  -  H15b  ~  Ol 

3.823  A 

106.03  * 

3.450  A 

07  -  H17a  -  02 

3.702  A 

14331  * 

2.895  A 

05  -  H15a  -  02 

3.709  A 

137.40  * 

2.935  A 

Cll  -  Hll  —  02 

3.884  A 

A 

17138  * 

2.935  A 

C3  -  H3  -  02 

# 

3.446  A 

15431* 

2324  A 

02 .  H12b  -  Ol 

3.646  A 

167.02  * 

2.622  A 

02  -  H12b  -  02 

3.670  A 

145.07  * 

2.765  A 

02  -  H12a  -  02 

3396  A 

133.73* 

2.796  A 

02  -  Hl2c  -  Ol 

3.685  A 

11934* 

3.061  A 

02  •  H12c  -  02 

4.128  A 

15730* 

3.151  A 

C13-H13c  -  Ol 

3.445  A 

104.45  * 

3.035  A 
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Figure  1. 
*  Figure  2. 
Figure  3. 

Figure  4. 
Figure  3. 
Figure  6. 
Figure  7. 
Figure  8. 
Figure  9. 
Figure  10. 
Figure  11. 
Figure  12. 


CAPTIONS  FOR  ILLUSTRATIONS 


Molecular  structure  of  2-[2-(NJ4-I>imetfiylammo)-5-rutrophenyl]benzothiarole 
(1).  Hydrogen  atoms  have  been  removed  for  clarity. 

Stereoview  of  die  unit  cell  for  2^2^N,N-Dimediylamino>-3-nitrcphenyl]benzo- 
thiazole  (1)  looking  down  the  c  axis. 

Molecular  structure  of  2-[2^-Methylamino)-3HUtrophenyl]benzothiazole  (2). 
Hydrogen  atoms  have  been  omitted  for  clarity,  except  for  die  hydrogen  atom 
involved  in  die  internal  hydrogen  bond. 

Stereoview  of  die  unit  cell  for  2-[2-(N-Methylamino)-5-nitrophenyl]benzo- 
thiazole  (2)  with  die  unit  cell  axes  labeled. 

Molecular  structure  of  2-[2-<N,N-Diethylamino)- 5-mtrophenyl]benzothiazole  (3). 
Hydrogen  atoms  are  removed  for  clarity. 

Stereoview  of  the  unit  cell  for  2-[2-{N ,N -Diethylamino)-5-nitrophenyl]benzo- 
thiazole  (3)  viewed  down  die  c  axis  of  the  unit  cell. 

Molecular  structure  of  2-(Trimethylsilylethynyl)-4-nitro-N  J4-dimethylaniline  (4). 
Hydrogen  atoms  are  removed  for  clarity. 

Stereoview  of  die  unit  cell  for  2-(Trimethyl83ylediynyl)-4-nitro-N  .N-dimethyl- 
aniline  (4)  looking  down  die  b  axis  of  die  unit  cell. 

Close  (Q-H—O  interactions  for  2-[2-(N  ,N -Dimethylamino>-5-nitrophenyl]  - 
benzothiazole  (1). 

Close  (C)-H-0  interactions  for  2-[2KN-Mediylainino)-5-nitrqphenyl]benzo- 
thiazole  (2). 

Close  (C)-H—0  interactions  for  2-[2^,N-I^ethylamino)-5-iiitrophenyl]benzo- 
thiazole  (3). 

Close  (C)-H— O  interactions  for  2<TrimethylsflyIethynyl)^mtro-NtN-<limethy]- 
aniline  (4). 
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Clt  -  Hll  •••  02  3.542  A  154.39  *  HI  1  •••  02  2.652  A 
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Appendix  A.  General  Displacement  Parameter  Expressions,  U’s,  for 
2-[2-<N^-dimetfaylamino)-5-nitropbenyl]-benzothiarole 

Name  U(l.l)  U(2  2)  Uf33)  Ufl.2)  Ufl.31  Uf23) 


SI 

0.0615(3) 

0.0758(4) 

0.041 1(2) 

•0.0176(3) 

-0.0079(2) 

0.0061(3) 

Ol 

0.087(1) 

0.085(1) 

0.074(1) 

•0.0086(9) 

-0.0241(8) 

-0.0242(9) 

02 

0.084(1) 

0.112(1) 

0.0440(8) 

•0.004(1) 

•0.0106(8) 

0.0050(9) 

N2 

0.0543(9) 

0.070(1) 

0.0501(9) 

0.0104(9) 

-0.0072(8) 

-0.0177(9) 

N3 

0.0526(9) 

0.067(1) 

0.0382(8) 

-0.0045(9) 

0.0000 (7) 

0.0099(8) 

N1 

0.0564(9) 

0.0470(9) 

0.0488(9) 

0.0012(8) 

•0.0068(8) 

0.0043(8) 

C2 

0.0455(9) 

0.058(1) 

0.0389(9) 

•0.001(1) 

0.0031(8) 

0.0015(9) 

Cl 

0.0385(9) 

0.046(1) 

0.0377(8) 

0.0041(8) 

0.0032(7) 

-0.0027(8) 

C6 

0.0454(9) 

0.049(1) 

0.0379(8) 

0.0068(9) 

0.0023(8) 

0.0006(9) 

C5 

0.0443(9) 

0.055(1) 

0.0408(9) 

0.0069(9) 

-0.0004(8) 

-0.0103(9) 

C4 

0.063(1) 

0.065(1) 

0.061(1) 

•0.018(1) 

-0.004(1) 

-0.005(1) 

C3 

0.074(1) 

0.076(1) 

0.054(1) 

-0.027(1) 

-0.002(1) 

0.012(1) 

C14 

0.137(2) 

0.181(3) 

0.086(2) 

0.102(2) 

-0.042(2) 

-0.036(2) 

C15 

0.079(2) 

0.125(2) 

0.050(1) 

0.022(2) 

-0.007(1) 

-0.019(1) 

C7 

0.0428(9) 

0.046(1) 

0.0363(8) 

0.0050(9) 

0.0013(7) 

-0.0001(8) 

C9 

0.052(1) 

0.042(1) 

0.055(1) 

0.003(1) 

0.0033(9) 

-0.0007(9) 

CIO 

0.080(2) 

0.053(1) 

0.075(1) 

•0.002(1) 

-0.002(1) 

0.009(1) 

Cll 

0.081(2) 

0.049(1) 

0.108(2) 

-0.010(1) 

0.012(1) 

0.003(1) 

C12 

0.063(1) 

0.061(1) 

0.094(2) 

-0.009(1) 

0.005(1) 

-0.020(1) 

C13 

0.056(1) 

0.072(1) 

0.066(1) 

-0.009(1) 

0.001(1) 

-0.014(1) 

C8 

0.046(1) 

0.056(1) 

0.050(1) 

-0.001(1) 

0.0050(9) 

-0.007(1) 

The  form  of  die  anisotropic  displacement  parameter  is: 
expt-2pI{hJaJUl>1  +  kVu„  +  Pc^J,,,  +  2fakabUw  +  2hlacUw+  2kIbcUiJ}] 
where  a,b,  and  c  are  reciprocal  lattice  constants. 
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Appendix  B.  General  Displacement  Parameter  Expressions,  U’s,  for 
2-[2-(N-meihylamino)-5-iritrophaiyljbenzothiazole 

Name  Ud.ll  Uf22>  Uf33>  U(1.2)  UflJl  11(23) 


SI 

0.0301(2) 

0.0273(2) 

0.0509(3) 

0.0064(2) 

0.0051(2) 

-0.0048(2) 

Ol 

0.036(1) 

0.065(1) 

0.119(2) 

0.0032(9) 

0.029(1) 

-0.013(1) 

02 

0.050(1) 

0.049(1) 

0.120(2) 

0.0113(8) 

0.023(1) 

-0.024(1) 

N2 

0.034(1) 

0.047(1) 

0.065(2) 

0.0095(9) 

0.013(1) 

•0.002(1) 

N3 

0.036(1) 

0.0270(9) 

0.057(1) 

0.0072(7) 

0.003(1) 

-0.0068(9) 

N1 

0.0305(9) 

0.0273(9) 

0.047(1) 

0.0069(7) 

0.0052(9) 

-0.0012(9) 

C2 

0.032(1) 

0.028(1) 

0.033(1) 

0.0080(8) 

-0.000(1) 

0.001(1) 

Cl 

0.028(1) 

0.026(1) 

0.036(1) 

0.0057(8) 

•0.000(1) 

0.000(1) 

C6 

0.033(1) 

0.027(1) 

0.041(1) 

0.0065(8) 

0.001(1) 

-0.000(1) 

C5 

0.029(1) 

0.037(1) 

0.039(1) 

0.0088(9) 

0.003(1) 

0.001(1) 

C4 

0.031(1) 

0.038(1) 

0.044(2) 

0.002(1) 

0.002(1) 

0.001(1) 

C3 

0.037(1) 

0.028(1) 

0.046(2) 

0.0037(9) 

•0.000(1) 

-0.000(1) 

C14 

0.051(1) 

0.031(1) 

0.056(2) 

0.014(1) 

0.003(1) 

-0.007(1) 

C7 

0.031(1) 

0.0263(9) 

0.033(1) 

0.0080(8) 

0.000(1) 

-0.0000(9) 

C9 

0.029(1) 

0.031(1) 

0.040(1) 

0.0080(8) 

0.002(1) 

0.001(1) 

CIO 

0.036(1) 

0.042(1) 

0.055(2) 

0.0133(9) 

0.008(1) 

-0.001(1) 

Cll 

0.032(1) 

0.051(1) 

0.062(2) 

0.012(1) 

0.008(1) 

0.000(1) 

C12 

0.028(1) 

0.044(1) 

0.069(2) 

-0.001(1) 

-0.000(1) 

0.003(1) 

C13 

0.034(1) 

0.032(1) 

0.056(2) 

0.002(1) 

0.000(1) 

-0.001(1) 

C8 

0.026(1) 

0.033(1) 

0.041(1) 

0.0066(8) 

0.003(1) 

0.001(1) 

The  form  of  die  anisotropic  displacement  parameter  is: 
expRpMhVUj,,  +  kVUu  +  tVU,.,  +  2hkabUu  +  2hlacUu+  2klbcUXJ}] 
«here  a,b,  and  c  are  redprocal  lattice  constants. 
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Appendix  C.  General  Displacement  Parameter  Expressions,  U’s,  for 
2^2^^^ethyUmino)-S>nitropbenyl]beiizodiiazole 

Name  Ufl.l)  U(2.2i  UG31  Ufl^l  U(1.31  U(2.3) 


SI 

0.0620(3) 

0.0360(3) 

0.0268(2) 

-0.0075(3) 

0.0112(2) 

-0.0007(2) 

Ol 

0.092(1) 

0.062(1) 

0.055(1) 

•0.019(1) 

0.016(1) 

-0.0273(9) 

02 

0.098(1) 

0.068(1) 

0.0355(8) 

0.003(1) 

0.0153(9) 

-0.0068(9) 

N1 

0.046(1) 

0.037(1) 

0.0302(7) 

>0.0004(8) 

0.0101(7) 

0.0010(8) 

N2 

0.052(1) 

0.049(1) 

0.0384(9) 

0.004(1) 

0.0084(8) 

■0.0147(9) 

N3 

0.0412(9) 

0.040(1) 

0.0271(7) 

•0.0012(8) 

0.0074a) 

o.oona) 

Cl 

0.036(1) 

0.034(1) 

0.0293(8) 

0.0006(9) 

0.0093a) 

•0.0008(8) 

C2 

0.036(1) 

0.035(1) 

0.0290(8) 

-0.0010(9) 

0.0096a) 

-0.0015(8) 

C3 

0.059(1) 

0.040(1) 

0.042(1) 

-0.009(1) 

0.0182(9) 

-0.003(1) 

C4 

0.054(1) 

0.042(1) 

0.046(1) 

•0.012(1) 

0.017(1) 

-0.011(1) 

C5 

0.038(1) 

0.043(1) 

0.0323(9) 

0.002(1) 

0.0058(8) 

-0.0096(9) 

C6 

0.040(1) 

0.038(1) 

0.0312(9) 

0.0015(9) 

0.0086(8) 

-0.0025(8) 

Cl 

0.035(1) 

0.036(1) 

0.0253(8) 

0.0007(9) 

0.0080a) 

0.0003(8) 

C8 

0.044(1) 

0.034(1) 

0.0345(9) 

-0.0004(9) 

0.0138(8) 

0.0011(9) 

C9 

0.038(1) 

0.037(1) 

0.0345(9) 

0.0017(9) 

0.0124(8) 

0.0018(9) 

CIO 

0.058(1) 

0.046(1) 

0.040(1) 

-0.002(1) 

0.0187(9) 

0.009(1) 

Cll 

0.066(1) 

0.042(1) 

0.059(1) 

0.000(1) 

0.029(1) 

0.012(1) 

C12 

0.064(1) 

0.036(1) 

0.063(1) 

-0.007(1) 

0.030(1) 

-0.002(1) 

C13 

0.070(1) 

0.041(1) 

0.044(1) 

-0.008(1) 

0.023(1) 

-0.004(1) 

C14 

0.041(1) 

0.047(1) 

0.045(1) 

-0.000(1) 

0.004(1) 

0.003(1) 

C15 

0.063(2) 

0.060(2) 

0.064(2) 

0.004(1) 

0.014(1) 

0.011(1) 

C16 

0.057(1) 

0.051(1) 

0.0314(9) 

-0.003(1) 

0.0140(9) 

0.002(1) 

C17 

0.054(1) 

0.104(3) 

0.050(1) 

-0.001(2) 

0.024(1) 

-0.004(2) 

The  form  of  die  anisotropic  displacement  parameter  is: 
exp^ihVUj.,  +  k*b*UM  «■  +  2hkabUu  +  2UacUu+  2kIbcUw}J 

where  a,b,  and  c  are  reciprocal  lattice  constants. 
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Appendix  D.  General  Displacement  Parameter  Expressions,  U’s,  for 
2<IUmetlqrlsifyletbyiiyl)-44itn>>N^*<limediylaniline 

Name  U(l.l)  ua.2)  U(33)  U(U>  U(13) 


Si 

0.0575(9) 

0.084(1) 

0.102(1) 

0.0199(9) 

-0.0179(9) 

Ol 

0.101(3) 

0.0570) 

0.113(3) 

0.005(2) 

-0.006(3) 

02 

0.094(3) 

0.076(3) 

0.119(3) 

0.036a) 

-0.011(3) 

N1 

0.065(3) 

0.054(3) 

0.066(3) 

-0.007(2) 

0.007(2) 

N4 

0.079(3) 

0.064(3) 

0.062(3) 

0.016a) 

0.004(3) 

Cl 

0.050(3) 

0.057(3) 

0.040(3) 

•0.003(2) 

0.001(2) 

C2 

0.043(3) 

0.054(3) 

0.040(3) 

0.001(2) 

0.004(2) 

C3 

0.053(3) 

0.052(3) 

0.041(3) 

•0.001(2) 

0.001(2) 

C4 

0.055(3) 

0.056(3) 

0.043(3) 

0.009(3) 

0.006(2) 

C5 

0.051(3) 

0.076(4) 

0.048(3) 

0.013(3) 

-0.005(2) 

C6 

0.050(3) 

0.069(3) 

0.051(3) 

-0.004(3) 

-0.005(2) 

Cll 

0.088(4) 

0.062(4) 

0.096(5) 

-0.024(3) 

0.012(4) 

C12 

0.077(4) 

0.055(4) 

0.111(5) 

0.010(3) 

0.003(4) 

C21 

0.051(3) 

0.050(3) 

0.055(3) 

-0.002(2) 

0.000(2) 

C22 

0.055(3) 

0.065(3) 

0.071(4) 

0.005(3) 

-0.005(3) 

C23 

0.161(8) 

0.22(1) 

0.119(7) 

0.064(7) 

•0.008(6) 

C24 

0.285(8) 

0.289(9) 

0.30(1) 

0020(6) 

-0.182a) 

C25 

0.136(8) 

0.26(1) 

030(1) 

-0.059(8) 

-0.11K7) 

Hie  form  of  die  anisotropic  displacement  parameter  is: 
exp[-2p*UiVUu  +  k*b*Uu  +  iVU,.,  +  2hkabUu  +  2hlacUu+  2klbcU„}] 
where  a,b,  and  c  are  reciprocal  lattice  constants. 


U£3) 


0.004(1) 

•0.002(2) 

0.009(2) 

•0.003(2) 

0.004(2) 

0.004(2) 

0.005(2) 

0.002(2) 

0.004(2) 

0.002(3) 

•0.001(3) 

-0.011(3) 

•0.012(3) 

-0.002(2) 

-0.007(3) 

0.045(6) 

-0.163(8) 

0.128(9) 
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ABSTRACT 

Semiempirical  AMI  calculations  are  presented  for  the  second  hyperpolarizabBitJes,  7 ,  of 
poty'P*phenylene  and  poiythiophene  oligomers.  Calculated  results  are  compared  with 
experimental  degenerate  four  wave  mbdng  results  and  static  field  estimates  from  these 
experimental  results.  The  relative  calculated  values  art  shown  to  agree  quite  well  with  the 
experimental  values  when  the  latter  are  corrected  for  dispersion  effects.  * 


introduction 


Many  roctnt  studios  of  non-8near  optical  properties  have  shown  that  systems  with 
•lactrona  capable  of  dalocalization  ovar  a  large  distance,  auch  as  polyactayltnaa  and 
polyphanylanas,  axhfeft  large  second  hyperpoiarizabOities  (j)  (also  rafarrad  to  as  third-order 
hyperpolariabllties  or  third-order  microscopic  optical  nonUnoarlties).1  The  question  arises  as  to 
what  is  the  dependence  of  y  on  chain  length,  or  the  number  of  repeat  unis,  In  an  oligomeric  series. 
The  purpose  of  this  paper  is  to  compare  «perimental  and  calculated  results  for  polyp-phenylene 
and  aOtrans  polythiophene  oligomers  of  various  lengths.  This  comparison  is  usually  complicated 
by  the  fact  that  most  measurements  are  made  at  laser  frequencies  (Le.  dynamic  or  time-dependent 
fields),  while  calculations  using  the  finite  field  (FF)  approximation  can  only  predict  static  (time 
independent)  hyperpoiarizabOities.  If  this  fact  is  allowed  for  however,  the  applicability  of 
semiempirica!  based  FF  calculations  in  providing  fast,  accurate  estimates  of  static 
hyperpoiarizabOities  will  be  demonstrated. 

An  FF  method  has  been  implemented  in  the  MOPAC  program?  and  is  used  in  this  work  to 
calculate  the  hyperpoiarizabOities.  This  method  is  based  on  the  following  expressions  for  the 
energy  and  dipole  moment  of  a  molecule  interacting  with  an  electric  field 


E(F)  -  E(0)  -pfFj  -  (1/2!)  afjFj  -  (1/3!)  -  (1/4!)  (1) 

PI  -  pj°  +  ajjFj  ♦  (1/2)  £ijkpjFk  ♦  (1/6)  Trqid^jPkPl +  -  (2) 

where  the  Einstein  convention  of  summed  repeated  indices  has  been  used,  p°  is  the  permanent 
dipole  moment  and  o^,^,  and  are  tensor  elements  of  the  linear  polartzabOlty  and  the  first 
and  second  hyperpoiarizabOities,  respectively.  of  the  molecule.9  The  detals  of  the  FF  method  and 
Is  Implementation  in  the  MOPAC  program  have  been  given  elsewhere.4 
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Poly-p-phenylene  Oligomers 

The  orientational  average  of  the7  tensor,  which  is  defined  in  terms  of  Its  components  as 


*7>  m  (1/S)f7joooc  *  lyffi  *  izzzz  *  ^frjocyy  *  lx>oz  *  lyyzz))  •  (3) 

was  calculated  for  the  planar  conformation  of  poly-p-phenylene  oligomers,  H(CgH4)nH.  The 
shorter  oligomers  might  depart  somewhat  from  planarity  In  the  gas  phase,  but  the  present 
approach  Is  considered  to  be  adequate  to  compare  our  caiaiations  against  experimental  values 
obtained  in  solution. 

Table  1  shows  the  calculated  results  for  <7  >  using  an  AMI  Hamiltonian5  and  the 
experimental  results  by  Zhao  ef  a/.1  (labeled  Exp).  The  experimental  technique  used  was 
degenerate  four  wave  mixing  (DFWM),  which  yields 7 («>;  w,-u,u).  It  Is  wad  known  that  frequency 
dispersion  effects  can  greatly  influence  the  <7  >  values,  rendering  It  larger  than  the  static  limit. 

This  is  also  complicated  by  the  fact  that  different  experiments  have  different  dispersion  effects.  For 
example,  the  dc  electric  field  induced  second-harmonic  (EF1SH)  generation  technique  gives7(-2^; 
u,u,  0).  Zhao  era/.1  have  estimated  the  effect  of  dispersion  in  DFWM,  under  the  assumption  that 
most  of  the  nonlinearity  of  a  delocalized  r  cloud  comes  from  the  lowest  excited  state,  by  the 
formula 


1(0)  -  I(«o2'w2)4A^o®1i^) 


where7(0)and7p)  are  the  static  and  frequency  dependent  values,  respectively.  Also  wo  » 
2xc/Xwaxtndu  m  2rc/X  with  c  the  velocity  of  light  and  A  the  wavelength  at  which  the  DFWM 
experiment  was  performed.  The  experimental  results  were  thus  corrected  using  eq.  4  and  the 
results  are  also  shown  in  Table  1  in  the  column  labeled  Exp-corr.  It  can  be  seen  that  the 
agreement  between  the  estimated  static  experimental  values  and  the  calculated  AMI  values  is  now 
very  reasonable,  given  the  approximations  involved.  The  experimental  values  listed  for  n«5  are 


wUhoxydecyt  groups  (QCtpHgi)  pamisubstitutad  to  one  another  on  the  central  ring.  These 
groups  ere  necessary  for  solubtty  but  also  make  comparisons  wkh  this  dale  unreliable.  The 
values  of7  could  be  modffisd  by  either  geometrical  changes  in  the  oligomer  or  shfts  In  the 
-  absorption  spectrum.  The  UV  spectra  of  Zhao  staL1  Indicate  thaUm^  lor  n»5  (tees  not  fan 
along  the  curve  generated  by  n-t  to  4.  Both  of  these  effects  ccxid  be  quite  substantial 

Equation  4  probably  overestimates  somewhat  the  correction  due  to  the  Aspersion  street 
due  to  the  approximations  Involved;  namely  the  Inclusion  of  erty  one  eacdted  state  In  the 
treatment.1  It  can  be  seen  In  Figure  t  however,  that  there  Is  Indeed  an  Improvement  of  the 
agreement  between  calculated  and  experimental  values  after  including  the  eq.  4  correction  for 
dispersion. 

The  largest  discrepancy  is  observed  for  benzene  Itself.  However,  <7  >  reported  from  an 
EFISH  measurement  on  benzene  £  -  1.06pm)  is  M.OOctO*36  esu6.  Without  any  correction  this 
result  comes  closer  to  our  calculated  value,  indicating  the  difference  in  experimental  dispersion 
effects  mentioned  above.  In  any  case,  our  predicted  value  for  benzene  is  undoubtedly  below  the 
experimental  results  from  whatever  source.  Our  calculated  components  of  the  7  tensor  can  be 
compared  with  those  reported  by  Perrin  et  aL7,  obtained  using  ab  Initio  methods  at  both  the  SCF 
level  and  including  correlation  in  the  MP2  approximation.  With  a  4-316  basis  augmented  on 
carbon  with  a  diffuse  p  and  d  function  of  exponent  0.05,  the  <7  >  value  is  7.68xi0'36  esu  at  the 
SCF  level  and  10.25x1  O'36  esu  at  the  MP2  level.  The  most  Important  conclusion  Is  that  their7aa 
value  (perpendicular  to  the  rings)  Is  about  89%  of  the 7X>00(  value  (along  the  oligomer  aids),  whfle 
the  semiempirical  results  give  only  1.2%  for  the  same  ratio.  A  slmiar  underestimation  of  the  same 
Tizzzx  component  has  been  observed  for  polyacetylene  oWgomers.8  One  reason  for  that  must  He 
in  the  laefc  of  ffaxfctty  of  the  amal  baste  set  Impfldt  In  these  semi  empirical  calculations,  causing 
them  to  strongly  underestimating  the  component  of  the  7  tensor  associated  with  the  direction 
perpendicular  to  the  ring.  However,  as  the  length  of  the  chain  grows,  7^0^  grows  faster  than 
7xax  and  eventually  dominates  the  value  of  <7  >  lessening  tfte  sfgnffieance  of  the  discrepancy. 
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Polythiophene  Oligomers 

Experimental  data  art  also  avalable  for  the  thiophene  oligomers.1  Here  again  the 
dlsagreamert  between  calculated  and  experimental  values  increases  rapidly  wfch  the  number  of 
repeat  units,  as  was  pointed  out  by  GoidfarbefaJL9  The  inferences  here  are  even  more 
pronounced  than  in  the  previous  ps>heny(ano  case  and  the  values  of7  are  larger.  Thereare 
-  several  possble  conformations  fa  thiophene  oligomers  and,  far  raasona  diaeuaaad  in  detal  by 
Gddfarb  af  a/.®,  calculation*  in  this  work  ara  restricted  to  tha  *41  bans*  form  in  which  tha  intra-unlt 
SOC-S  dihedral  angia  is  180.0.  Tabia  2  shows  tha  AMI  cataiatad  values10,  tha  experimental 
OFWM  results1  and  txperimentai*corrected  values  using  aquation  4.  Tha  experimental-corrected 
estimate  of  tha  static  hyperpotarizabSlty  again  shows  a  graatly  improved  agreement  with  tha 
semlemphical  results.  Also  the  growth  as  a  function  of  n  no  longer  has  tha  essentially  exponential 
growth  of  the  experimental  <7^)>  values,  as  can  be  dearly  seen  in  Figure  2.  The  remaining 
discrepancy  can  probably  be  explained  in  a  similar  manner  to  the  p-phenyiene  oligomers  ease, 
and  can  thus  not  be  corrected  within  this  approach,  without  increasing  the  basis  size. 

Conclusions 

The  results  of  this  study  indicate  that  tha  semiempiricai  calculation  of  second 
hyperpolartzabBlties  developed  within  the  MOPAC  program  is  indeed  capable  of  obtaining 
reasonable  estimates  for  these  systems.  Evan  mora  importantly,  this  study  demonstrates  the 
importance  of  accounting  for  frequency  dependence  in  calculating  hyperpolartzabBlties,  These 
effects  are  shown  to  be  very  large  in  soma  eases  and  are  almost  certainly  larger  than  correlation 
errors  in  the  calculated  atatic  values.  It  should  be  bom  in  mind  that  our  semiempiricai  calculations 
era  about  four  orders  of  magnltuda  taster  than  ab  Wtto  calculations  with  medium-sized  basis  sets 
and  incorporating  correlation  at  tha  MP2  level,  which  is  tha  minimum  level  of  ab  Wtfo  theory 
necessary  to  improve  agreement  with  experimental  results  in  a  significant  way. 

A  study  of  tha  energetics,  structure,  and  hyperpoiarbabllties  of  other  conformations  of 
smafl  thiophene  oligomers  and  related  cydic-diena  systems  is  underway. 
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Table  1:  Second  Hyperpolarteablkies  <7  >  for  polyp-phenyleno  oligomers.* 


Number  of 
Subunits 

AMI 

7<P) 

OWFM*** 

7  (») 

DWFM 

•*■7(0) 

1 

0.7 

38.4 

23.6 

2 

164 

174.0 

83.3 

3 

77.4 

610.0 

198.8 

4 

197.2 

5 

367.3 

1260.0° 

2974 

6 

6734 

7 

804.6 

funks  are  10*36  esu. 

“Experimental  values  from  Ref.  1  have  been  multiplied  by  6  to  make  their  series 
expansion  consistent  with  our  eq.  1. 

®The  value  of  N-4  was  not  reported  in  Ref.  1. 

“-OC10H21  derivative 


Table  2.  Second  HyperpolarizabDities  <7  >  for  polythiophene  oligomers.* 


Number  of 
Subunits 

AMI 

7(0) 

DWFMb 

7(w) 

DWFM 

est7(0) 

1 

1 

25 

13 

2 

22 

138 

43 

3 

103 

960 

184 

4 

284 

4800 

839 

8 

544 

15600 

1246 

8 

931 

* 

funks  are  10*®®  esu. 

^Experimental  values  from  Ref.  1  have  been  multiplied  by  6  to  make  their  series 
expansion  consistent  with  our  eg.  1. 
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Figure  Captions 


Figure  1:  Second  Hyperpolarfeabiity  versus  number  of  units  ter  poly^-phtnylene  cfigomers.  The 
curve  labeled  TExp'  is  the  DFWM  result  from  ref  1  and  the  one  label  •Corr-Exp*  is  the 
same  result  corrected  for  dispersion  using  equation  4. 

Figure  2;  Second  Hyperpolarizabltyversus  number  of  units  tor  polythiophene  oligomers.  The 
owe  labeled ‘Exp*  is  the  DFWM  result  from  ref  land  the  one  label ‘Corr-Exp*  is  the 
same  result  corrected  for  dispersion  using  equation  4. 
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ABSTRACT 

The  studies  reported  here  are  part  of  an  effort  to  understand  the  electronic  structure  and 
statistical  properties  of  quasi-particles  in  polymeric  materials.  These  are  solitons,  antisolitons, 
polarons,  and  bipolarons,  and  in  one  way  or  another  each  of  them  is  known  to  play  a  role  in  the 
conduction  of  electric  current  in  those  materials.  We  have  used  pristine  and  doped  polyacetylene 
as  our  example  to  study  the  geometrical  and  electronic  distortions  associated  with  quasi-particles 
in  oligomers  and  infinite  polymers.  The  computational  approach  has  been  based  on  the  semi- 
empirical  self-consistent  LCAO-MO  theory  at  the  AMI  level  of  approximation  for  finite  systems  and 
the  corresponding  LCAO-CO  theory  in  the  tight  binding  approximation  for  infinite  systems. 

INTRODUCTION 

Although  conducting  polymers  in  general  and  pofyacetylene  in  particular  have  received  much 
attention  in  recent  years,  there  are  comparatively  few  first-principles  theoretical  calculations  aimed 
at  understanding  the  electronic  structure  ol  quasi-particles.  Most  of  the  calculations  performed 
have  used  the  Su,  Schrieffer,  and  Heeger  (SSH)  hamiitonian  [1].  This  work  was  indeed  a  very 
important  stepping  stone,  mainly  because  it  showed  that  the  soEton  model  of  pofyacetylene  could 
be  used  to  explain  a  number  of  properties  of  this  material;  optical,  electrical,  and  magnetic.  No 
other  model  can  claim  such  an  accompfishment  This  success  prompted  other  work  and  (Efferent 
extensions  and  mocfifications  of  the  SSH  hamiitonian,  too  numerous  to  quote.  Most  notably 
however,  H.  Fukutome  has  very  recently  performed  a  very  complete  study  of  a  Parfser-Parr-Pople 
(PPP)  unrestricted  Hariree-Fock  (UHF)  model  of  polyacetylene  [2].  The  SSH  approach  however, 
is  still  too  crude  for  the  kind  of  accuracy  that  is  needed  since  it  is  basically  a  Huckel-type 
approximation  with  sigma  bond  compressibifity  and  electron-electron  Coulomb  interactions  are 
completely  neglected.  Moreover,  the  SSH  model  does  not  have  an  analytical  solution  and  needs 
a  number  of  empirical  parameters  specific  to  polyacetylene  (or  the  particular  polymer  under  study) 
in  order  to  be  able  to  make  some  quantitative  predictions. 

On  the  other  hand,  a  few  seB-consistent  LCAO-MO  calculations  have  been  performed  on  finite 
oigomers  of  pofyacetylene,  both  semi-empirical  [3]  and  ab  initio  (4).  The  excellent  agreement  that 
we  report  below  between  one  of  our  semi-empirical  calculations  and  the  ab  initio  result  reported  in 
ref.  4,  convinced  us  that  the  SCF-LCAO-MO  semi-empirical  theory  is  completely  adequate  for  the 
purpose  of  a  systematic  study  of  the  electronic  structure  associated  with  quasi-particles.  This 
methodology  Is  still  first-principles  based  and  although  there  are  indeed  parameters  incorporated 
into  the  theory,  these  are  atomic  in  nature.  Therefore,  the  same  theory  with  the  same  parameters 


can  be  used  to  study  any  molecule  or  infinite  polymer  without  the  need  tor  Information  about  the 
specific  system. 

We  can  mention  here  the  only  calculation  of  the  Infinite  polymer  of  which  we  are  aware;  that  of 
Stafstrom  and  Bredas  15],  who  used  the  Valence  Electron  Hamiltonian  (VEH)  method  to  study  the 
band  structure  at  various  doping  levels. 

Many  fundamental  aspects  of  the  electronic  and  structural  properties  of  the  conducting 
polymers  (in  particular  the  highly  conducting  ones)  are  not  well  estabfished.  and  at  this  time 
theoretical  understanding  lags  behind  the  rapid  experimental  developments.  In  what  follows  we 
expect  to  contribute  information  that  will  ultimately  prove  useful  for  a  thorough  understanding  of 
the  mechanisms  of  conductivity  in  polymers. 

METHOD 

The  theoretical  method  used  for  the  calculations  was  the  semi-empirical  SCF-MO  theory  at  the 
■  AMI  level  of  approximation  (6)  as  implemented  in  the  MOPAC  5.0  program  (QCPE  #455).  The 
AMI  hamii*nnian  has  been  shown  to  correct  for  some  deficiencies  present  in  the  older  MNDO 
hamiHortia’ .  The  geometries  of  all  the  systems  studies  were  fully  optimized  with  due 
allowance  for  the  symmetry  constraints  in  each  case.  Convergence  of  the  calculation  was  difficult 
in  some  of  the  examples,  especially  for  doublet  and  triplet  states,  in  each  case  the  optimization 
was  very  carefully  performed  by  running  a  first  step  with  the  keyword  PRECISE  (thus  increasing 
the  criteria  for  terminating  all  optimizations,  electronic  and  geometric  by  a  factor  of  100).  In 
subsequent  runs,  the  gradient  was  decreased  even  further  by  using  the  SIGMA  method  due  to 
Komomicki  and  Mclver  [7]  while  at  the  same  time  making  the  criterion  for  self-consistent 
*  convergence  even  stricter  (using  the  keyword  SCFCRT  - 10-10  or  SCFCRT  -  10-H).  In  this  way 
the  gradient  norm  was  usually  reduced  to  less  than  1  (in  kcal/A  or  kcal/degree)  even  when  more 
than  seventy  geometrical  variables  were  simultaneously  optimized.  For  infinite  systems  we  used 
the  ‘cluster  approximation"  developed  by  Stewart  [8]  (the  name  is  misleacfing  because  Bom-von 
Karman  cylic  boundary  conditions  are  actually  used;  it  is  thus  an  approximation  to  a  full  crystal 
orbital  (CO)  calculation!.  This  approach  is  known  to  be  an  excellent  approximation  to  the  full  CO 
result  when  the  unit  c?ll  used  is  large  enough  to  ensure  that  atoms  at  one  end  of  the  repeat  unit 
have  a  negligible  density  matrix  element  with  atoms  at  the  other  end.  Since  the  repeat  units  we 
used  are  almost  27A  long,  this  condition  is  very  rigorously  met  even  In  the  examples  studied, 
where  there  is  an  extended  x  system.  However,  in  at  least  one  example  (see  below)  the  fun  CO 
calculation  was  performed  as  a  check  (using  the  MOSOL  program,  QCPE  #495),  thus  verifying 
that  the  results  were  the  same  to  four  significant  digits  for  the  optimized  geometrical  variables, 
heats  of  formation  and  degrees  of  bonding.  Obtaining  the  band  structure  however,  requires  the 
full  solid  state  calculation  involving  sampling  of  the  Briilouin  zone  using  a  regular  mesh.  The 
advantage  of  the  approximation  is  of  course  that  it  takes  1/5  to  1/10  of  the  CPU  time  required  by 
the  full  CO  calculation. 

We  mimicked  the  effect  of  a  dopant  in  the  repeat  unit  by  using  the  "sparkles"  provided  in  the 
MOPAC  program.  These  are  uncharged  species  which  immedately  ionizes  the  polymer.  They 
can  be  regarded  as  unpolarizable  ions  of  diameter  1.4A.  We  used  an  acceptor  dopant  in  the 
polaron  calculations;  the  effect  of  the  sparkle  being  that  a  net  positive  charge  is  left  in  the  x 
system. 

The  degrees  of  bondng  were  calculated  from  the  density  matrix  using  the  definitions  given  by 
Medrano  et  al  (9],  for  molecular  and  Infinite  polymers  as  wed.  These  are  known  to  be  an  accurate 
measure  of  the  integrated  electron  density  associated  wtth  a  bond,  and  have  the  important 
advantage  that  the  same  basic  formalism  (based  on  the  first-order  reduced  density  operator)  is 
used  both  for  molecules  and  infinite  polymers.  In  the  cases  we  studied,  the  degrees  of  bonding 
give  a  much  better  description  of  the  bond  alternation  (or  lack  of  it)  than  the  bond  lengths,  since 
the  former  are  more  directly  associated  with  the  electronic  structure. 

For  almost  afi  the  examples,  we  carried  out  calculations  both  at  the  open-shel  restricted  Hartree- 
Pock  (ROHF)  and  unrestricted  Hartrse-Fock  (UHF)  to*  1  of  the  theory.  The  deferences  between 
both  descriptions  to  discussed  below. 

DESCRIPTION  OF  THE  SYSTEMS  STUDIED 

As  already  stated,  It  was  our  purpose  to  study  the  electronic  structure  of  quasi-particfes  such  as 
soltons,  poiarons,  etc.  A  static  neutral  solton  (S)  can  be  considered  the  same  as  a  radfcal.  The 
effect  of  ttie  solton  on  the  geometrical  structure  to  to  Op  the  bond  afiematlon  from  one  to  the 
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CHARGE  and  SPIN  RELATIONSHIPS  OF 
QUASI -PARTICLES 


Charge 

Spin 

Neutral  Soliton  (S) 

0 

1/2 

Charged  Soliton  (S+)  or  (S') 

±1 

0 

Soliton  -  Antisoliton  Pair  (SS) 

0 

o,±i 

Poiaron  (P+)  or  (P") 

±1 

1/2 

Bipoiaron  (bP++)  or  (bP~) 

±2 

0 

other  of  the  two  degenerate  phases  in  the  material.  A  soliton  can  be  positively  charged 
(carberuum  ion)  or  negatively  charged  (carbanion).  The  three  situations  are  depicted  in  Fig.  1. 
These  schemes  in  Fig.i  should  not  be  taken  too  strictly  however,  since  they  do  not  show  the 
essentially  delocalized  nature  of  the  quasi-particles,  but  are  intended  to  allow  easy  electron 
counting.  Now,  solitons  are  known  to  be  topological  particles.  Therefore,  in  infinite  systems  they 
are  always  created  in  pairs,  called  sofiton-antisofiton  pairs  (SS*)  (This  can  also  be  seen  as  arising 
from  stability  conditions.)  Any  of  the  two  members  of  the  pair  will  cancel  the  effect  of  the  other 
member  next  to  it,  so  to  left  and  right  of  the  pair  the  bond  alternation  will  be  the  same  (cf  Fig.  2).. 
What  happens  in  between,  and  how  that  depends  on  the  distance  between  soliton  and 
antisoliton.  can  only  be  determined  by  calculation  and  will  be  (Sscussed  below.  One  such  pair  can 
also  be  regarded  as  a  (singlet  or  triplet)  biradical. 

One  electron  can  be  removed  from  or  added  to  a  region  of  the  material  where  a  soEton- 
antisoliton  pair  has  been  created,  giving  rise  to  a  positive  or  negative  poiaron  respectively  (P+  or 
P~ ).  (They  can  also  be  regarded  as  a  radical  cation  or  tactical  anion  respectively  in  the  static  case.) 
Removal  or  addition  of  two  electrons  results  In  a  positive  or  negative  bipoiaron  (bP*©r  bP* )  or  a 
(tication  or  dianion  respectively.  Figure  3  attempts  to  give  a  graphical  representation  of  polarons 
and  bipolarons.  while  at  the  same  time  emphasizing  the  delocafized  nature  of  the  particles.  Again, 
both  at  right  and  left  of  a  poiaron  or  bipoiaron,  the  bond  alternation  is  the  same;  i.e.  we  have  either 
phase  A  or  phase  B  at  both  sides  of  the  quasi -particle  in  a  polyacetylene  chain  (cf.  Fig  3).  Once 
again  the  detailed  geometrical  and  electronic  structure  can  only  be  determined  by  calculation. 

These  particles  have  very  unusual  relations  of  charge-spin,  in  most  cases  at  variance  with 
elementary  particles  such  as  protons  and  electrons.  Table  f  gives  a  summary  of  the  charge  and 
spin  associated  with  soitons,  solton-antisofiton  pairs,  polarons,  and  bipolarons. 

The  actual  systems  we  used  as  case  stucties  are:  (i)  The  polyacetylene  olgomer  chain  C21 
tor  studying  the  isolated  soBton  and  the  repeat  unit  C22H22  for  studying  the  (SS*)  pair  in  an  infinite 
system.  We  used  the  same  repeat  unit  to  study  the  poiaron  P*  created  from  the  (SS*)  by 
Including  an  acceptor ■ sparkle •  to  the  calculation.  These  systems  are  depicted  to  Figure  4. 

RESULTS  AND  DISCUSSION 

1.  Soitons 

We  tofly  optimized  the  geometry  of  the  C21H23  otigomer  with  a  neutral  sotton  at  the  central 
carbon  atom,  under  Cg«  symmetry  as  described  above.  The  ground  state  of  the  system  is  of 
course  a  doublet,  and  we  performed  toe  calculation  both  at  the  IMF  and  ROHF  level  of  theory. 
The  UHF  result  gives  no  bond  length  alternation  and  no  degree  of  borxting  alternation,  except 
dose  to  the  ends  of  the  chain,  due  to  toe  terminal  effects.  Close  to  the  solton  she,  all  bond 


Singlet  or  Triplet 
Birradical 

Figure  3.  Polaronand 
Bipolaron 
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Figure  5 

Bond  length  alternation  In  A  In  neutral 
and  positive  solitons  in  C21H23  oligomer 


Carbon  Atom  Number 


Neutral 

Positive 


Neutral 
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Figure  6 

Degree  of  bonding  alternation  in  neutral 
and  positive  solitons  in  C21H23  oligomer 


Neutral 

Positive 


♦•ngths  are  1.40 A  and  al  degraas  of  bonding  ara  133.  Now,  the  UHF  wavetunction  Is  not  an 
eigenfunction  of  the  operator  that  represents  the  spin  squared,  S2.  The  theoretical  value  for  this 
case  is  S2  -  0.75.  The  UHF  results  S2*  3.66,  La.  there  is  a  veiy  large  spin  contamination.  This  is 
probity  due  to  low  lying  excited  states  of  higher  spin  mutepidty  such  as  quartet,  sextet,  etc. 
These  exdted  states  probably  have  no  bond  length  alternation,  in  any  ease  this  level  of  spin 
•contamination  indicates  that  the  UHF  wavefunction  is  not  a  sufficiently  accurate  representation  of 
the  doublet.  It  appears  the  UHF  description  exaggerates  the  opening  of  the  shells  due  to  the 
magnetic  interactions  that  originates  in  the  unpaired  spin.  On  the  other  hand,  because  of  the  way 
ft  is  obtained,  fti  the  ROHF  wavefunction,  orty  the  singly  occupied  orbital  contributes  to  the  spin 
density  wave  away  from  the  soiton,  which  is  unrealstic.  So  neither  type  of  wavefunction  can  give 
an  accurate  description  of  aN  die  properties  of  interest,  when  the  number  of  a  and  0  spins  is  not 
the  same,  ft  win  probably  be  necessary  to  resort  to  some  method  for  incorporating  correlation  to 
improve  over  both  the  UHF  and  ROHF  descriptions.  Some  preiminary  calculations  along  that 
direction  have  already  been  carried  away  in  our  laboratory  at  the  MP2  level,  and  they  confirm,  as 
expected,  the  above  tfscussion.  As  regards  the  bond  lengths  and  degrees  of  bonding 
alternation,  the  ROHF  calculation  gives  quite  accurate  results.  At  the  same  time  the  agreement 
between  those  fragment-based  approximate  ab  initio  calculations  [101  and  ours,  lends  additional 
credibility  to  the  semi-empirical  approach  in  these  situations. 
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Therefore,  we  used  die  ROHF/AMi  calculations  hereafter,  which  is  of  course  the  same  as 
closed-shell  RHF/AM1  in  the  cases  where  there  is  the  same  number  of  a  and  P  spins. 

Figure  5  shows  the  difference  in  adjacent  bond  lengths  Or,  plotted  against  carbon  site  distance 
Irom  the  soGton,  for  both  the  neutral  and  the  positively  charged  quasi-particles.  Only  the  right  had 
of  the  molecule  is  included  In  the  plot,  since  the  other  half  can  be  derived  by  symmetry.  Ar  -  0 
.  implies  no  bond  alternation,  and  this  happens  precisely  at  the  so  Eton  center. 

The  plot  in  Figure  5  also  shows  a  horizontal  Rne  drawn  at  the  value  of  A^»  0.095  A 
corresponding  to  infinite  poly  acetylene,  as  obtained  through  a  fun  CO  calculation  with  the 
MOSOL  program.  This  value  is  in  very  good  agreement  with  the  experimental  result  of 
Ar»-  0.1 04  A.  The  end  effect  is  dearly  vlstole  in  Figure  5  in  that  the  values  of  Ar  for  the  last  carbon 
atoms  exceed  the  infinite  polymer  value. 


Both  curves  for  the  neutral  and  positive  soiitons,  can  be  approximated  by  a  function  of  the  form 
Ar  -  Ar„  tanh(n/l)  as  proposed  by  Su  et  al,  In  ref.  1.  Taking  for  Ar*  the  value  quoted  above,  we 
obtain  the  best  fit  tor  the  neutral  soliton  when  1-2.  This  is  a  measure  of  the  extent  of  the  quasi¬ 
particle,  and  is  in  very  good  agreement  with  the  result  obtained  by  Boudreaux  et  al.  p],  who  found 
U3  through  a  calculation  on  C41H43  using  the  MNDO  hamittonian  and  Ar„  »  0.106A  (in  ref.  1,  the 
authors  came  up  with  U7). 


The  values  of  Ar  for  the  positive  soSton  are  in  excellent  agreement  with  those  obtained  by  Viilar 
et  al.  [4]  who  carried  out  an  ab  initio  calculation  on  the  same  olgomer  C21H23  as  we  did,  using  a 
double-zeta  6-31G  basic  set.  AH  the  bond  lengths  we  obtained  by  geometry  optimization  agree 
within  1%  with  the  ab  Initio  ones.  The  hyperbolic  tangent  that  best  interpolates  among  the 
calculated  points,  is  calculated  with  1-7  if  Arw-  0.1 1 2  is  used  (as  in  ref.  5}  or  with  1-6  if  Ar*.  0.095 
is  used,  as  we  did  for  the  neutral  soiton.  In  any  case  this  is  somewhat  larger  than  the  value  1*5 
obtained  in  ref.  3.  The  deference  could  be  due  to  the  fad  that  we  used  the  AMI  hamtitontan  and 
Boudreaux  etaL  used  the  MNDO  one.  The  agreement  is  stii  very  good  however. 


We  also  calculated  the  degrees  of  bonding  Bab  between  consecutive  carbon  atoms,  and 
ABab  anaiogousiy  to  Ar  tor  both  the  neutral  and  positive  soiton.  Except  for  the  last  three  points 
where  the  dtecrepancy  is  sightly  larger,  we  again  have  an  agreement  within  1%  with  the  sb  initio 
values  In  ref.  4  for  the  positive  soiton.  This,  and  the  agreement  tor  the  bond  lengths  mentioned 
above,  gave  us  an  assurance  that  the  semi-errpirical  method  we  used  is  sufficiently  reiable  lor  this 
purpose.  The  result  for  ABab  versus  carbon  site  dstance  from  the  center,  are  shown  in  Figure  6. 
Once  again  the  value  for  the  infinite  polymer  is  shown  as  a  horizontal  Ine,  as  calculated  wfth  the 
MOSOL  program.  Again,  the  end  effects  are  visfoie  in  the  last  few  points,  ft  is  an  interesting  and 
completely  new  result  that  a  hyperbole  tangent  interpolates  very  wel  among  the  calculated 
points,  with  1-3  for  the  neutral  soiton,  and  1-6  for  the  positive  one.TNs  means  that  the  relation 
between  tfiese  curves  and  the  solution  of  the  soltary  wave  equation  In  44  field  theory  [11]  goes 
beyond  the  geometrical  dstribution  caused  by  the  defect,  and  reflects  in  the  associated  electron- 
ofnwy  amnouoon 


2.  Solton- Antlsofiton  Pairs 
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We  calculated  the  ringlet  state  of  neutral  aoStonemUsoBton  pairs  in  infinite  systems  using  the 
cluster  approximation  described  above,  and  C22H22  as  the  repeat  unit  Besides,  we  repeated  the 
calculation  tor  separation  of  R*  1,5,9  and  11  bonds  between  the  solton  and  antisoBton.  Table  2 
shows  the  heats  of  formation  of  the  system  for  the  afferent  separations  and  the  heat  of  formation 
of  the  C22H22  repeat  unit  when  it  is  used  to  represent  pristine  polyacetylene.  This  comes  out  to 
be  141.65  keai/mol  or  12.87  keal/mol  per  CH  unit.  The  fun  CO  calculation  with  the  MOSOL 
program  gives  12.93  keal/mol  for  the  same  quantity;  showing  that  the  cluster  approximation  is 
providing  the  correct  energies  to  within  hundredths  of  a  kcai/mot.  As  Table  2  shows,  the 
calculated  heats  of  formation  are  independent  of  the  solton- anti  solton  separation,  within  the 
uncertainty  of  the  method  of  a  few  hundredths  of  a  keal/mol.  This  result  is  at  variance  with  a 
previous  calculation  by  Bredas  at  a!.  (12],  who  used  a  HuckeMype  method  with  sigma  bond 
compressibility  and  cyclic  polyene  molecules  with  about  110  carbon  atoms  to  represent  the 
system.  These  authors  find  an  attractive  Interaction  between  soliton  and  antisofiton  in  the 
electronic  ground  state  of  the  system,  l.e.  the  energy  of  the  system  when  the  soliton  and 
antisonton  are.  in  dose  proximity  Is  about  0.9eV  lower  than  that  corresponding  to  a  large 
separation.  This  is  tantamount  to  stating  that  when  they  are  in  dose  proximity  we  have  the 
perfectly  dimerized  state,  and  when  they  are  separated  by  a  tfistance  larger  than  approximately 
twice  the  width  of  a  soliton,  then  we  have  two  transitions:  for  instance,  A->  B->A.  (This  meaning 
that  the  system  is  in  phase  A  left  and  right  of  the  pair  and  in  phase  B  in  between.)  The  energy 
would  then  rise  rapidly  when  R  goes  to  infinity,  to  Its  asymptotic  value  of  twice  the  energy  of  one 
isolated  solton.  The  two  imits  R*40  and  R-}  00  cannot  be  argued  of  course,  but  the  total  energy 
should  depend  on  the  exact  shape  of  the  solton  pair  at  intermediate  distances,  interestingly,  we 
obtained  an  unexpected  result  regarding  this  point.  The  two  bond  lengths  adjacent  to  the  soliton 
and  to  the  antisoliton  are  constrained  to  be  equal,  but  in  spite  of  that,  the  bond  length  alternation 
is  not  changed  by  either  particle.  Their  alternation  to  the  right  of  each  solton  for  example, 
recovers  to  what  it  was  to  the  left  two  bonds  past  the  quad-particle.  This  picture  is  even  dearer 
when  the  degree  of  bonding  alternation  is  examined.  It  decreases  somewhat  together  with  the 
bond  length  alternation,  without  ever  vanishing,  and  recovers  together  with  the  latter,  too.  In  fact 
it  decreases  from  Its  infinite  polymer  value  of  0.74  to  0.65  at  the  center  of  each  soliton,  i.e.  less 
than  0.1 1  This  implies  that  the  two  bonds  at  each  side  of  either  soliton  have  the  same  length  but 
very  different  degrees  of  bonding:  one  is  a  double  bond,  BABa1>75  and  the  other  is  single, 
Bab-1  -10.  Figure  7  shows  precisely  that,  for  the  case  when  both  quasi -particles  are  nine  bonds 
apart,  but  the  same  Is  true  irrespective  of  the  separation.  In  case  there  were  an  influence  of  a 
different  environment  left  and  right  of  each  particle,  we  checked  carefully  the  situation  when  they 
are  eleven  bonds  apart.  Then  each  of  the  partides  has  its  left  and  right  neighbor  at  exactly  the 
same  distance  in  a  C22H22  repeat  unit.  The  same  picture  is  obtained  also  in  this  case.  This  is  of 
course  consistent  with  our  finding  dial  the  energy  is  the  same  irrespective  of  the  separation.  It  is 
also  consistent  with  the  small  energy  of  creation  of  toe  solton-antlsolton  pair.  According  to  the 
results  in  Table  2,  this  is  only  555  keal/mol  (or  024  eV).  Exactly  at  what  distance,  both  parts  of  the 
pair  start  behaving  as  independent  partides  we  of  course  do  not  know.  Trying  larger  separations 
would  entail  using  larger  repeat  units,  making  the  system  intractable  at  this  level  of  the  theory. 
The  question  immedtetely  arises  regarding  the  nature  of  the  interaction  between  both  particles.  In 
other  words,  how  does  each  of  them  know  about  toe  presence  of  the  other  when  their  separation 
Is  as  large  as  eleven  bonds?  (It  should  be  kept  in  mind  that  their  width  is  two  bonds  or  three  bonds 
to  each  side  of  toe  center.)  The  answer  to  this  question  Is  not  dear  to  us  at  the  present  time. 


The  description  based  on  toe  more  dmpistic  picture  (based  on  a  SSH-type  of  calculation) 
rgr-rv  described  above  has  already  been  published  in  a  book  on  toe  subject  [13]  by  8.  Kivelson. 
■ — 'According  tod&r  study  however,  the  details  of  the  shape  of  the  pair  are  at  the  very  least 
debatable  matter.  Moreover,  we  can  conclude  that  due  consideration  of  eledron-electron 
interactions  Is  absolutely  necessary  for  an  accurate  description  of  toe  details  of  the  electronic 
structure  of  these  systems. 

3.  Rotorons 


Although  the  polaron  calculations  are  sen  being  tun,  toe  two  values  tor  toe  energy  that  we 
already  have,  one  tor  the  situation  with  the  two  parts  of  the  system  nine  bonds  apart  and  toe  other 
five  bonds  apart,  show  that  there  is  indeed  an  attractive  interaction  in  this  case.  The  values  are 
E(R-9)-271.10  keal/mol  and  E(R«5)«266.30  keal/mol.  Their  difference  amounts  to  4.8  keal/mol, 
or  0.21  eV.  In  this  case,  we  find  a  better  agreement  with  Bredas  et  ai.  calculation  [12]  of  an 
attractive  interaction  of  035  eV. 


Table  2  Energies  of  the  soliton-antisoliton  pair 
for  different  separations 
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AHf  (keal/mol) 

141.65 

AAH 

0  1 

147.20 

5.55 

2  5 

147.19 

5.54 

4  9 

147.26 

5.61 

5  11 

147.28 

5.63 

*  In  both  our  calculations,  we  placed  the  dopant  above  the  plane  of  the  polymer.  3.5A  on  top  of 
.  the  hydrogen  bonded  to  the  carbon  atom  where  the  center  of  the  left  soliton  Is.  This  of  course 
destroys  the  C2h  symmetry  and  gives  rise  to  a  large  cfipoie  moment,  of  about  18  debyes. 

Energetically.  It  takes  about  121  kcai/mo!  (or  5.2  eV)  to  introduce  the  dopant  (i.e.  ionize  the 
polymer)  and  create  the  polaron,  as  compared  with  the  energy  of  the  system  with  a  neutral  soBton- 
antisoGton  pair.  A  more  detailed  study  of  the  electronic  structure  is  presently  underway. 

LINES  OF  FUTURE  RESEARCH 


This  research  can  be  extended  to  include  negative  polarons  and  positive  and  negative 
bipolarons  In  polyacetylene.  Several  issues  regarding  this  subject  need  clarification. 

Also,  other  interesting  highly  conducting  polymers  can  be  studied  with  these  techniques, 
including  (SN)x  which  is  know  to  be  superconducting  at  very  low  temperature. 

Figure  7 

Bond  length  and  bond  order  alternation 
In  polyacetylcne  (C221122  repeat  unit) 
with  a  neutral  aolilon-anlitotiton  pair 
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Then,  the  next  step  would  be  the  detailed  study  of  the  band  structure  associated  with  quasi- 
particles.  The  few  publications  on  this  subject  are  not  in  agreement  with  one  another.  For 
example,  Fukutome's  calculation  [2]  (see  above)  gives  a  structure  of  levels  hi  the  band  gap  very 
different  from  what  is  routinely  accepted  from  the  $SH-type  of  work.  This  Is  a  challenging 
calculation  in  any  case,  because  Haitree-Fock  based  methods,  whether  ab  initio  or  semi-empiricai 
are  know  to  exaggerate  notoriously  the  band  gap  and  not  give  very  accurate  densities  of  stales. 

There  are  also  some  very  important  theoretical  Issues  to  explore.  For  instance,  which  is  the 
relation  (if  any)  between  conductivity  and  hyperpolartzabilties.  This  subject  can  be  investigated 
with  the  same  tools  described  here. 

The  statistical  mechanical  aspects  of  quasi-particles,  are  also  essentially  unexplored,  for 
Instance  the  couplng  of  two  fermious  into  a  boson,  as  in  the  formation  of  a  so  fit  on-anti  soiton  pair. 
Can  this  be  considered  a  pairon?  Does  It  obey  a  strict  Bose  Einstein  statistic?  Does  it  bear  any 
relation  with  Cooper-type  pairs?  These  are  only  a  few  examples  of  unanswered  questions. 

Finally.  H  would  certainly  be  worth  exploring  In  more  detail  an  interesting,  very  recent 
suggestion  by  Mazunder  and  Ramasesha  (14)  about  a  bipotaronic  mechanism  for 
superconductivity  in  organics  to  see  if  the  same  idea  can  be  applied  to  polymers  of  other 
structures  and  compositions. 

Some  of  these  issues  will  be  addressed  in  our  laboratory,  and  the  results  pubBshed  elsewhere. 
CONCLUSIONS 

We  have  been  able  in  this  investigation  to  use  some  new  tools  and  ideas  and  have  found  some 
previously  unreported  aspects  of  the  electronic  structure  of  quasi-particles. 

Ours  is  one  of  the  first  calculations  of  infinite  polymers  when  quasi-particies  are  present,  and  the 
first  to  our  knowledge  in  which  the  dopant  is  explicitly  taken  into  account.  This  is  also  the  first 
calculation  (at  this  level  of  theory)  of  the  interaction  between  the  two  parts  of  the  system  in  a 
soBton-antisoBton  pair  or  in  a  poiaron. 

The  difference  between  the  ROHF  and  UHF  descriptions  had  not  been  pointed  out  before. 
The  question  still  remains,  if  correlation  has  to  be  included,  which  is  the  minimum  level  of  theory 
necessary  for  an  accurate  description  of  all  the  properties  of  the  system.  We  intent  to  address  this 
issue. 

We  also  believe  that  the  use  of  the  ^degree  of  bonding  wave"  (DOBW)  is  the  most  descriptive 
tool  available  to  understand,  in  the  most  pictorial  way,  the  characteristics  of  the  electron  density 
distribution.  We  have  shown  as  well  that  the  DOBW  also  can  be  described  by  a  hyperbolic 
tangent  functional  dependence  with  the  distance  from  the  center  of  the  soiiton. 

Finally,  we  have  found  some  unexpected  features  of  the  electron  structure  associated  with  a 
soltorvantisofiton  pair,  that  we  beleve  are  important  for  the  detailed  understanding  of  this,  and 
probably  other  quasi-particies. 
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